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1. INTRODUCTION 
 
 
1.1. Fluids in orogenic gold deposits 
 
Orogenic gold deposits are, as their name indicates, orogeny related. The changes in 
pressure and temperature caused by orogeny release fluids that extract valuable 
substances such as gold from other places and transport and precipitate them to new 
places. Fluids precipitate gold in structurally controlled deposits. The trigger for gold 
precipitation varies depending on the gold transporting agent. Gold precipitation can be 
triggered, for instance, by changes in temperature and pressure, by fluid separation 
(boiling) or by changes in sulfur or oxygen fugacity (Phillips and Powell 1993, Phillips 
and Powell 2010).  
 
According to Phillips and Powell (1993), metamorphic devolatilization produces low-
salinity fluids that transport gold as reduced sulfur complexes. Devolatilization of mafic 
volcanic rocks or greywackes generates fluids that make up major gold deposits (Phillips 
and Powell 1993). The release of fluids occurs at the greenschist to amphibolite facies 
transition (at 400°C to 500°C) when chlorite–calcite–quartz-bearing assemblage turns 
into amphibole–plagioclase-bearing assemblage (Phillips and Powell 2010). At this facies 
transition, a considerable amount of volatiles is freed (Phillips and Powell 2010). The 
released fluids are H2O-CO2 (whose H2O/CO2 ratio ~75:25) dominated and they can 
extract gold and sulfur during the devolatilization (Phillips and Powell 1993). Gold 
transporting fluids have such amounts of reduced sulfur that pyrite can form and 
sufficiently potassium for micas and feldspar to form (Phillips and Powell 1993). Fluids 
also have elevated concentrations of As, Hg, Sb, Ba and Rb (Phillips and Powell 1993). 
A high geothermal gradient is required during the gold precipitation (Phillips and Powell 
1993).  
 
 
1.2. Metal complexing with sulfur 
 
Most of the sulfur in solution in gold transporting fluids is reduced sulfur (H2S) (Phillips 
and Powell 1993). Reducing conditions and low salinity of the fluid leads to gold 
6 
 
solubility to be as a molecular Au-S complex (Seward 1973). Gold has three oxidation 
states and it can form uncharged and charged sulfide complexes (Phillips and Powell 
2010). Au(HS)2
- is the dominant gold species in temperatures less than 400°C (Zhu et al. 
2011) and in neutral to alkaline fluids (Phillips and Powell 2010). In temperatures > 
350°C, the stable Au complex is likely uncharged, such as HAu(HS)2 (Phillips and 
Groves 1983).  
 
Equation [1] displays the gold solubility (Phillips and Powell 1993): 
Au(s) + H2S + HS
- = Au(HS)2
- + 0.5H2  [1] 
 
In order to precipitate gold, the activity of H2S needs to be sufficiently lowered (Phillips 
and Powell 1993). 
 
 
1.3. Triggers for gold deposition 
 
The temperature range of gold deposition is in the range of 250°C to 400°C (Phillips and 
Powell 1993). Ore deposition mechanisms in orogenic gold deposits are usually either 
fluid-rock reactions, fluid phase separation or fluid mixing with meteoric waters 
(Hagemann and Cassidy 2000). According to Phillips and Powell (2010), nor fluid 
mixing, decrease of temperature and fluid pressure, or boiling are the main mechanisms 
triggering gold precipitation. Phillips and Powell (2010) suggest that the gold 
precipitation is more likely related to the host rock and fluid-rock reactions than the fluid 
properties.  
 
Deposition of gold requires breakdown of the gold-thiosulfide complex (Phillips and 
Powell 2010). Fluid interaction with Fe-rich host rock leads to sulfidation of wall rocks 
(Phillips and Powell 2010).  The sulfidation of wall rocks forms pyrite, pyrrhotite and/or 
arsenopyrite and the formation of these Fe-bearing sulfide minerals decreases the sulfur 
fugacity, which leads to gold precipitation (Phillips and Powell 1993).   
 
The trigger for the gold deposition can also be a decrease in temperature or a change in 
oxygen or sulfur fugacity (Phillips and Powell 1993). The solubility of gold transported 
as AuHS(H2S)3 complex is very sensitive to temperature and pressure changes, a 
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temperature decrease from 400°C to 340°C leads to precipitation of up to 90% of the 
dissolved gold (Zhu et al. 2011). The decrease of sulfur fugacity is an effective trigger for 
gold precipitation. According to Zhu et al. (2011), log f(S2) values of -12 to -14 lead to 
gold precipitation. Oxygen activity of the gold transporting fluid is reduced for example 
by fluid interaction with carbonaceous metasediments (Phillips and Powell 1993). Redox 
reaction accounted for gold deposition in most major gold deposits is chlorite-pyrite 
(Phillips and Powell 1993). 
 
Decrease in temperature and pressure may lead to fluid immiscibility and the fluid is 
separated into CO2-rich and H2O-rich fluid phases and this separation causes partitioning 
of gold and H2S (Phillips and Powell 1993). The physical separation of the immiscible 
fluid phases results them to follow different evolution trends which may lead to changes 
in gold solubility (Phillips and Powell 1993). At shallow levels in the crust, Au-bearing 
fluids may mix with meteoric water, which changes solubility of gold drastically (Phillips 
and Powell 1993).  
 
Fluids that contain more than a few mole percent of methane can experience significant 
unmixing over a wide range of geological conditions (Naden and Shepherd 1989). When 
CO2 is the dominant dissolved gas in hydrothermal fluids unmixing takes place in more 
restricted P–T range (Naden and Shepherd 1989). This means that, for example, at 300°C 
and 1.5 kbar H2O–CO2–NaCl fluid unmixes when CO2 content of the fluid exceeds 15 
mol% whereas H2O–CH4–NaCl fluid unmixes when CH4 content of the fluid exceeds 5 
mol% (Naden and Shepherd 1989). The addition of small amounts of methane enlarges 
the immiscibility P–T field and acts as a powerful trigger for gold deposition (Naden and 
Shepherd 1989). Hydrothermal fluids containing less than 5 mol% CO2 as the major 
dissolved gas are unlikely to form major gold deposits in P–T window of 1–3 kbar and 
250–400°C by fluid unmixing alone (Naden and Shepherd 1989). When such fluids travel 
higher in the crust (P < 1 kbar), fluid separation occurs and is accompanied by the 
deposition of gold (Naden and Shepherd 1989).  
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1.4. Origin of Svecofennian orogenic gold deposits  
 
Orogenic gold deposits, also known as mesothermal gold deposits, in the Svecofennian 
domain are related to the Svecofennian orogeny. Gold deposition took place slightly after 
the metamorphic peak, 1.89–1.86 Ga, throughout the Svecofennian domain (Eilu et al. 
2003 and Saalmann et al. 2010). The formation of the Jokisivu orogenic gold deposit 
occurred during the late stages of the Svecofennian orogenic evolution (1.83-1.78 Ga) 
(Saalmann et al. 2010). Structural control of mineralization and association with shear 
zones and auriferous quartz veins formed in a metamorphic terrain is typical for orogenic 
gold deposits (Saalmann et al. 2010, Zhu et al. 2011). Also the retrograde stages of 
orogenic evolution are typical of orogenic gold deposits in the area (Saalmann et al. 
2010). 
 
The majority of the orogenic gold deposits in the Svecofennian domain show alignments 
along NW–SE trend lines, and especially in the Pirkanmaa belt and in southern and central 
Ostrobothnia the orogenic gold deposits are often close to the NW–SE-trending shear 
zones (Saalmann et al. 2010). The ages of structurally controlled gold mineralizations in 
the Häme belt at 1.83–1.80 Ga overlap with the age of the Jokisivu gold occurrence 
(Saalmann et al. 2010). The most important orogenic gold mineralization events in the 
Svecofennian domain took place at 1.82–1.79 Ga (Eilu et al. 2012). Late Svecofennian 
shearing post-dating the main regional peak metamorphism and 1.8 Ga old magmatism 
were important also for mineralization in northern Finland and Sweden (Weihend et al. 
2003, Saalmann et al. 2010). The gold mineralization in Finland and Sweden at 1.82–1.78 
Ga took place during oblique contraction with E–W-oriented shortening, which was 
associated with widespread granitoid magmatism and high heat flow (Saalmann et al. 
2010). The metamorphism occurred in amphibolite to granulite facies conditions 
(Luukkonen et al. 1992, Saalman et al. 2010). It has been suggested that asthenospheric 
upwelling caused by slab rollback associated with the subduction system could have 
provided the heat input, which was the driving mechanism for magmatic and 
metamorphic events (Saalmann et al. 2010). Change from slab rollback to flat subduction 
triggered rapid tectonic change from extension to contraction of the upper plate. 
Subduction of the oceanic crust provided the heat supply needed for shield-wide 
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magmatism, metamorphism and formation of hydrothermal gold mineralizations 
(Saalmann et al. 2010).  
 
 
1.5. Significance of fluid inclusions studies 
 
Studying fluid inclusions is the only way to collect firsthand information on fluids in the 
Earth's interior (Wilkinson 2001). Fluid inclusions are small closed volumes where 
pressure and temperature are interdependent variables. Fluid inclusions are diathermal 
which means that they are in thermal equilibrium with the surrounding rock (Diamond 
2003). Therefore it is possible to assume that fluid inclusions record the temperature of 
the surrounding mineral grain during its formation. Fluid inclusions provide information 
on the precipitation conditions of the host mineral during their entrapment by maintaining 
the fluid composition. Fluid inclusion assemblage (later referred to as FIA) is defined as 
a group of coeval fluid inclusions that were trapped in temporally constrained 
petrographic features, e.g. mineral growth zones or healed structures (Goldstein and 
Reynolds 1994). Fluid inclusion assemblages were used to identify fluid types and the 
fluid evolution was reconstructed by analyzing cross cutting relationships of fluid 
inclusion assemblages. 
 
Characterizing fluid composition and density is a key to research the P–T space of the 
enclosed fluid during entrapment. This was done by petrographic and microthermometric 
measurements and by Raman spectroscopy. Fluid inclusion assemblages and their relative 
chronology were determined by detailed fluid inclusion petrography. Microthermometric 
results enabled salinity calculations, phase proportion calculations and finally P–T 
isochore calculations. Microthermometry also gave a hint of other elements, later 
confirmed to be CH4, N2 and even H2S, present in the fluid inclusions. Raman 
spectroscopy was used for qualitative identification of major gaseous phases in the fluid 
inclusions as well as for determining the relative phase proportions. 
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1.6. The aim of the study 
 
The aim of this study is to determine the evolution path of fluids migrating through the 
rocks that now host the Jokisivu orogenic gold deposit and to determine the temperature 
and pressure conditions that prevailed during gold precipitation. Structural studies of the 
Jokisivu area reveal many deformation phases. One of these deformation phases was 
related to gold rich fluids that precipitated the gold in the structurally controlled deposit. 
 
The ore geology research group in the University of Helsinki is investigating complex 
Archean orogenic gold deposits in Ilomantsi Greenstone Belt. This study was conducted 
to provide an insight into the formation conditions of a more simple Proterozoic orogenic 
gold deposit. This study was successful in providing a well constrained P–T estimation 
of the mineralization event.  
 
 
2. GEOLOGICAL SETTING 
 
 
2.1. Location of Jokisivu orogenic gold deposit 
 
The Jokisivu orogenic gold deposit is located 8 kilometers southwest from Huittinen in 
southwestern Finland. Jokisivu is located in the Paleoproterozoic Svecofennian orogeny. 
According to Korsman et al. (1997) the Svecofennian orogeny is divided into 1) a 
primitive arc complex west of the Karelian craton, 2) the Central Svecofennian Arc 
Complex and 3) the Southern Svecofennian Arc Complex (Fig. 1). The Central 
Svecofennian Arc Complex contains the Central Finland Granitoid Complex, the 
volcanosedimetary Tampere schist belt, the Pohjanmaa belt and the Pirkanmaa belt that 
mainly consists of graywackes and migmatitic turbidites (Korja and Heikkinen 2005). 
Similar rocks to Pirkanmaa belt rocks occur also in Västerbotten schist belt in Sweden 
(Korja and Heikkinen 2005). The Southern Svecofennian Arc Complex contains the 
Häme belt and the Uusimaa belt that are both characterized by strong overprint by 
Svecofennian orogenic events between 1.84 and 1.79 Ga (Saalmann et al. 2010). Häme 
belt represents a well-developed volcanic arc and consists of metavolcanic rocks and 
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granitoids (Kähkönen 2005). Uusimaa belt consists of felsic schists and sedimentary 
carbonates (Kähkönen 2005). Similar rocks to Uusimaa belt occur in Bergslagen are, in 
Sweden (Korja and Heikkinen 2005). All in all the rocks of both Central Svecofennian 
Arc Complex and Southern Svecofennian Arc Complex are mostly granulite facies rocks 
(Högdahl et al. 2008). 
 
 
Structural evolution of Jokisivu prospect can be correlated with both Pirkanmaa belt and 
Häme belt (Saalmann et al. 2010). In fact the structures are more easily compared with 
the Loimaa area in the south (Fig. 1). In addition the high proportion of metavolcanic 
rocks in Jokisivu area may rather suggest it to be a part of Häme belt instead of Pirkanmaa 
belt (Saalmann et al. 2010). Luukkonen et al. (1992) and Eilu et al. (2012) consider 
Figure 1. Geological map of southern Finland and the location of Jokisivu and Ritakallio prospects (after 
Korsman et al. 1997 and Saalmann et al. 2010). CSAC–Central Svecofennian Arc Complex; SSAC–
Southern Svecofennian Arc Complex; CFGC–Central Finland granitoid complex; TB–Tampere schist belt; 
PB–Pirkanmaa belt; HB–Häme belt; UB–Uusimaa belt; L–Loimaa area; 1–Kankaanpää shear zone; 2–
Kynsikangas shear zone; S–suture (proposed by Lahtinen 1994).  
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Jokisivu to be a part of Pirkanmaa belt, a turbidite dominated subduction zone complex 
that was pushed below the Tampere schist belt in the north during the Svecofennian 
orogeny (Kähkönen 2005).  
 
 
2.2. Other gold deposits in the Pirkanmaa migmatite belt 
 
The Jokisivu orogenic gold deposit is located in a part of the Svecofennian which hosts 
many other gold occurrences as well (Nurmi et al. 1991). Most of the deposits in the 
Pirkanmaa migmatite belt area are hosted by mica gneisses or synorogenic intermediate 
intrusive rocks (Eilu et al. 2012) All the deposits contain gold only and they are 
structurally controlled by local shear zones  (Saalmann et al. 2010). In other occurrences 
the dominant sulfides are pyrite, pyrrhotite, arsenopyrite and löllingite (Eilu et al. 2012). 
Gold occurs in quartz veins and in their immediate proximity in the wall rocks (Eilu et al. 
2012). So far Jokisivu is the largest known deposit in the Pirkanmaa migmatite belt area 
(Eilu et al. 2012). 
 
 
2.3. Jokisivu orogenic gold deposit 
 
 
The Jokisivu deposit is a Paleoproterozoic orogenic gold deposit that consists of two 
distinct ore bodies, Kujankallio and Arpola, 200 meters apart (Fig. 2) (Dragon Mining 
2015a). Both Kujankallio and Arpola are structurally controlled gold deposits. Gold 
occurs in quartz veins that are hosted by shear zones cutting the quartz diorite host rock 
(Saalmann et al. 2010).  
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Figure 2. Kujankallio and Arpola lodes. Picture by Dragon Mining (2015b). 
 
The Jokisivu orogenic gold deposit is located in the hinge zone of a large fold closing 
towards NE (Fig.3). The mineralization of the Jokisivu gold deposit took place under 
mid-amphibolite facies conditions (Grönholm 2006). The deposit is hosted by upper-
amphibolite facies metamorphic rocks (Eilu 2007). Mineralization has occurred in 
strongly recrystallized supracrustal gabbroic to quartz dioritic intrusion that has intruded 
into the quartz dioritic and granodioritic mica gneisses (Luukkonen et al. 1992). The 
intrusion is about 1 km long and 300 m wide and trends NW-SE (Luukkonen et al. 1992). 
It is mostly gabbroic but there is also quartz dioritic part in the NW (Luukkonen et al. 
1992). The change in composition is probably caused by differentiation during 
crystallization (Luukkonen et al. 1992). Gabbro is porphyric and relatively homogeneous 
(Luukkonen et al. 1992). The groundmass is medium grained and the size and abundance 
of hornblende varies locally (Luukkonen et al. 1992). Most mafic and coarse grained 
gabbro is in the inner parts of the intrusion (Luukkonen et al. 1992).  
 
The main shear zone is situated 800 meters SW from the mineralization (Luukkonen et 
al. 1992). In the shear zones there are mylonites that contain pyrrhotite and pyrite and 
small amounts of metasomatic biotite, garnet and K-feldspar (Luukkonen 1994).  
Conjugate brittle-ductile shear zones are 10–15 meters wide and extend along strike at 
least 2.7 kilometers (Eilu and Pankka 2010). Lineation is strong in the outer alteration  
 
  
 
14 
 
 
 
 
  
Figure 3. The regional geology of Jokisivu gold occurrence, modified from Luukkonen et al. 1994. 
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zone and weaker in the inner alteration zone where flattening fabric is stronger (Eilu and 
Pankka 2010). Quartz veins only occur in the inner alteration zone and veins are 
boudinaged, hence the gold mineralization is younger than the formation of the main 
lineation (Eilu and Pankka 2010). Veins in Kujankallio are 2–4 meters thick (Eilu and 
Pankka 2010). Quartz veins are synchronous with shearing events (Eilu and Pankka 
2010). 
 
The Jokisivu gold deposit is an epigenetic vein mineralization that precipitated in a brittle-
ductile shear zone (Luukkonen et al. 1992). Gold mineralization is hosted by relatively 
undeformed and unaltered diorite in shear zones that have laminated quartz veins with 
pinch and swell structures (Dragon Mining 2015a). Pinch and swell structures form when 
competent quartz layers undergo extension. In both ore bodies competent quartz veins 
have been stretched via thinning whereas the surrounding diorite has undergone ductile 
deformation. The deformation style of the veins varies and depends on the relative age 
and setting of veins (Luukkonen et al. 1992). The shear zones extend into the wall rocks 
but there are no mineralizations in the host rock (Eilu and Pankka 2010).  
 
The Kujankallio ore body consists of several gold bearing lodes striking northeast and 
dipping 50 degrees to the southwest (Dragon Mining 2015a). These lodes have a total 
length of 350 meters (Dragon Mining 2015a). Kujankallio comprises 6 separate veins, 
400 meters along strike (Fig. 4). Three veins extend 40–50 m along strike, 200 meters 
down plunge and are 4–8 m thick. Arpola consists of several east-west trending lodes 
striking to northeast and dipping 50 degrees to the southwest (Dragon Mining 2015a). 
The total length of the lodes is 150 meters (Dragon Mining 2015a). The Arpola Zone 
consists of 8 veins over a strike length of >200 meters and dip at ca. 70°. There is a major 
fault zone that cuts the rocks and causes displacement of structures. The change from 
hinge zone to main zone is observed in Kujankallio L200 but not in Kujankallio L265. 
Drilling extends down to 525 meters in Kujankallio and down to 200 meters in Arpola 
and the bottoms of the deposits have not been found yet (Dragon Mining 2015a).  
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Figure 4. Kujankallio and Arpola lodes projected to the surface. Source: Eilu and Pankka 2010. 
 
The Jokisivu deposit is a system of shear zones cutting each other (Luukkonen et al. 
1992). The oldest quartz veins are en échelon joints that predate shearing events 
(Luukkonen et al. 1992). These undeformed veins are ductilely folded by the shear zones 
cutting them at low angle (Luukkonen et al. 1992). The most common tightly and 
isoclinically folded quartz veins are in Riedel fractures that formed after en échelon joints 
(Luukkonen et al. 1992). The largest quartz veins were formed in the main shear zones 
and they range up to more than 10 m in length and 0.5 m in width (Luukkonen et al. 
1992). Veins are parallel to the shear plane so they are not folded but they form boudins 
(Luukkonen et al. 1992). There are also small quartz veins that formed during the shearing 
(Luukkonen et al. 1992). After the main shearing event, there was only minor quartz vein 
formation (Luukkonen 1994). Undeformed short north-south directed veins cut the shear 
zones (Luukkonen et al. 1992). In addition there are milky quartz veins that contain no 
gold (Luukkonen et al. 1992). 
 
The hosting diorite has an age of 1.88 Ga and regional scale granite magmatism and local 
shear zone development that caused the mineralization took place ca 1.80 Ga (Saalmann 
et al. 2010). SIMS and TIMS U–Pb dating results in tight time scale for the gold 
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mineralization. The crystallization age of the quartz diorite and therefore also the 
maximum age of mineralization has been interpreted from zircon ages from unaltered and 
altered quartz diorite, at 1884±4 Ma and 1881±3 Ma (Saalmann et al. 2010). The zircon 
ages of a pegmatite vein that cuts the ore zone defines the minimum age of mineralization 
to be 1807±3 Ma (Saalmann et al. 2010).  
 
 
2.4. Deformation history 
 
The deformation history of the Jokisivu area has been studied by Luukkonen et al. (1992), 
who identified four phases of deformation that are listed in Table 1. The dominant feature 
is an antiform closing to the north that formed during D3 (Luukkonen et al. 1992). The D3 
deformation was later overprinted by NE–SW directed S4 foliation caused by weak D4 
deformation (Saalmann et al. 2010). The hydrothermally affected center of the shear zone 
probably represents this later stage D4 (Mertanen and Karell 2009). Temperatures started 
to decrease after the D4 metamorphic peak (Saalmann et al. 2010). The anisotropy of 
magnetic susceptibility (AMS) suggests that the hydrothermally affected center of the 
shear zone might represent a later stage than D3 deformation (Mertanen and Karell 2009). 
Saalmann et al. (2010) suggest that the latest deformation and shearing event D6 plays a 
major role in gold mineralization (Saalmann et al. 2010). Major NW–SE trending shear 
and fault zones cut the whole basin and dome structures (Fig. 1). The NW–SE trending 
shear zones were the site of fluid flow and quartz vein formation that is also associated 
with precious metal deposition (Saalmann et al. 2010). The two major shear zones also 
known as the main ore zones show strong alteration around quartz veins (Saalmann et al. 
2010). D6 shearing associated with gold mineralization probably reactivated the pre-
existing D3 shear zone (Saalmann et al. 2010).  
  
18 
 
 
 
Table 1. Deformation phases of Jokisivu orogenic gold deposit.  
 
 
 
 
D6 shearing, quartz vein emplacement, and related mineralization occurred at 1.82–1.78 
Ga (Saalmann et al. 2010). The age of D6 and the structural relationships suggest that the 
Jokisivu gold mineralization can be associated with the late Svecofennian tectonic cycle 
and correlated with the NW–SE trending dextral shear zones in the Häme and Uusimaa 
belts that formed during late Svecofennian dextral transpression (Saalmann et al. 2010). 
The NW–SE trending Kynsikangas and Kankaanpää shear zones west of the Pirkanmaa 
belt (Fig 1) were active at this time and Saalmann et al. (2010) suggest that the structure 
hosting the Jokisivu deposit branched from second or third order structures parallel to 
these major NW–SE structures. Fluid flow was focused into the major NW–SE-trending 
shear zones which led to further concentration of the shear deformation in these zones 
(Saalmann et al. 2010).  
 
D6 shearing started with ductile deformation of the hosting quartz diorite at elevated 
temperatures (Saalmann et al. 2010). Elongated, coarse-grained, locally boudinaged or 
folded quartzofeldspathic dikes intruded into the main shear zone and quartz veins were 
emplaced later (Saalmann et al. 2010). With increasing distance from the main shear zone, 
the thickness, density and number of quartz veins decrease (Saalmann et al. 2010).   
  
  
foliation description relation to gold precipitation reference 
D1      S1, dominant 
schistosity 
oldest deformation, mostly 
overprinted by later events 
 
Luukkonen  
1994 
D2 S2, thorough axial 
plane schistosity  
main deformation phase gold-bearing shear zones formed 
after the culmination of D2 or 
during early D3 
Luukkonen 
et al. 1992 
D3 no axial plane 
schistosity 
folding of D2 and strong mineral 
lineation parallel to fold axis 
granitic and dioritic magma 
intrusion at the end of D3 
Luukkonen 
et al. 1992 
D4 S4, crenulation 
schistosity 
folding of quartz veins and 
shear zones, mineral lineation 
 
Luukkonen 
et al. 1992 
D6 
 
reactivation of D3 shear zone quartz vein formation, gold 
mineralization 
Saalmann 
et al. 2010 
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At the Ritakallio prospect, located 5 km ESE of Jokisivu (Fig. 1), a quartz dioritic 
intrusion similar to the one hosting the Jokisivu deposit contains gold-bearing quartz 
veins in shear zones (Saalmann et al. 2010). This observation implies that these specific 
quartz dioritic bodies play an important role for the mineralization. This may be because 
quartz diorite bodies behave rheologically differently than the surrounding mica gneiss. 
Quartz diorite bodies were more rigid and therefore when the temperature decreased after 
the metamorphic peak the ductile-brittle boundary was crossed and localized shearing and 
fracturing occurred while the surrounding mica gneiss still deformed in a ductile way. 
Sheared and fractured quartz diorite bodies were permeable and they served as pathways 
and precipitation sites for mineralizing fluids (Saalmann et al. 2010). According to 
Saalmann et al. (2010) shearing and fluid flow at Jokisivu took place over a protracted 
time span while temperature was decreasing.    
 
 
2.5. Mineralization  
 
Ore minerals in the mineralized zone of Jokisivu orogenic gold deposit are pyrrhotite, 
arsenopyrite, chalcopyrite, ilmenite, löllingite, scheelite, sphalerite, pyrite, marcasite, 
magnetite, galena and gold (Luukkonen et al. 1992). Rare telluride minerals occurring in 
the Jokisivu deposit are listed in Table 2. Antimony minerals are associated with gold. 
Geochemical anomalies of uranium, thorium and samarium are related to the pegmatites 
(Luukkonen et al. 1992). Base metals are not anomalous in the Jokisivu mineralization, 
but gold, arsenic and tungsten are (Luukkonen et al. 1992).  
 
 
Table 2. Telluride minerals present in the Jokisivu mineralized zone. 
 
mineral 
mineral 
formula 
altaite PbTe 
tsumoite BiTe 
tellurobismuthite Bi2Te3 
rucklidgeite (Bi,Pb)3Te4 
tetradymite  Bi2Te2S 
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Alteration types in the mineralized zone are silicification, biotitization and to lesser extent 
sericitization, chloritization and sulphidation and locally calc-silicate alteration 
(Luukkonen et al. 1992). Alteration is restricted to the shear zones (Luukkonen et al. 
1992). The alteration assemblage diopside-garnet-hornblende-plagioclase dominates the 
rocks in Jokisivu and suggests that the mineralization took place under mid-amphibolite 
facies conditions (Grönholm 2006). 
 
Mineralization started with fracturing of the host rock and minor skarn reactions around 
the fractures and precipitation of quartz (Luukkonen 1994). Oxide minerals crystallized 
first at T > 400°C, followed by the sulfide minerals arsenopyrite, löllingite and pyrrhotite 
at between 300 and 400°C, and finally precious metal mineralization at 200–300°C 
(Luukkonen 1994 and Saalmann et al. 2010).  
 
 
2.6. Gold occurrence 
 
Gold occurs mostly as free native gold. The gold grains occur in banded quartz veins and 
vein selvages as well as in the interstices of silicates (Luukkonen et al. 1992). Gold occurs 
commonly in the grain boundaries and sometimes as inclusions in arsenopyrite and 
chalcopyrite (Luukkonen et al. 1992). Some gold is also present in the altered host rock 
(Eilu and Pankka 2010). Pegmatite veins lack gold (Luukkonen et al. 1992). 
 
Gold is locally related to the presence of arsenopyrite and intergrowths of gold and 
tellurides are common (Luukkonen 1994, Eilu and Pankka 2010). Gold occurs in minor 
amounts with aurostibite and shows the strongest geochemical correlation with Ag, Bi, 
Te, As and Sb (Luukkonen et al. 1992, Eilu and Pankka 2010). Grain size of the native 
gold varies from a few micrometers up to a few millimeters in diameter (Eilu and Pankka 
2010). Native gold is an alloy of 97% Au and 3% Ag (Eilu and Pankka 2010). 
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3.    MATERIAL AND METHODS 
 
 
3.1. Sampling and sample representativeness 
 
Sampling was done in the Jokisivu gold mine area which is operated by Dragon Mining 
Oy. Samples were collected during two visits to the mine site. Both the Arpola and 
Kujankallio open pits were visited and vein structures were documented, but no samples 
were taken from the open pits. Underground sampling was done in between blasts in 
production tunnels when the complete mineralized zone was exposed. All the samples 
were collected from three production tunnels. Underground samples are not oriented 
samples, but the orientations of the mineralized zones from which the samples were 
collected were measured. 
 
The main focus of the study is on fluid inclusions hosted by quartz veins. Samples were, 
however, collected so that they represent complete sections through mineralized zone. 
Host rock and vein contacts on both sides of quartz vein were sampled as well as the 
mineralized quartz vein (Figs. 5 and 6). Host rock samples were only used for 
petrography. Samples collected from mineralized quartz veins were used for fluid 
inclusion studies. The selection of samples from the quartz veins was done in such a way 
that preference was given to clear and transparent quartz.  
 
 
3.2. Field observations 
 
3.2.1. Open pit observations 
 
In the Kujankallio open pit the host rock is a medium-grained diorite and garnet grains 
are small and rare or absent. Calcite-filled veins (2–5 mm in diameter) crosscut the quartz 
veins. Two major fault planes are visible in the Kujankallio open pit. Fault zones pinch 
towards each other in the ground level. In the Arpola open pit, the strong shearing is 
visible and the quartz veins are boudinaged. Cross cutting calcite filled veins are oriented 
the same way as in the Kujankallio open pit, 246/82. Mineralized quartz veins are oriented 
092/65. Quartz veins are in the same orientation as the foliation. In Arpola open pit there 
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are also 1.5 m wide pegmatite dikes. Mafic and ultramafic coarse-grained dikes and 
blocks that contain phlogopite-like mica are typical in Arpola open pit. 
 
3.2.2. Underground observations 
 
The Arpola 120 m level was visited on the 3rd of March 2015. The mineralized zone was 
exposed well. The mineralized zone is ca. 5 meters wide, and quartz veins are 20 cm to 1 
m wide and somewhat boudinaged (Fig. 5). Some visible gold grains (1 mm) were 
observed in the quartz veins. The mineralized veins are hosted by garnet-bearing quartz 
diorite. Garnet grains are large, 4–6 mm in diameter. The host rock is sheared and shows 
mineral lineation especially near the veins. The samples collected from the Arpola L120 
are shown in Figures 5 and 6.  
  
Figure 5. Arpola 120 m level main mineralized zone and sample sites. Photo by Tobias Fusswinkel. 
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The Kujankallio 200 and 265 m levels were visited on the 28th of April 2015. On the 200 
m level the host rock did not contain garnet. The main fault had a dip direction and dip of 
222/50. Cross cutting calcite filled veins likely related to the main fault are oriented 
276/85 and quartz veins have orientations of 084/35. The displacement caused by calcite 
filled veins is from millimeters to one centimeter. On the Kujankallio L265, the quartz 
vein material is in close contact with the pegmatite material. Cross cutting calcite filled 
veins are almost vertical, 258/75. Pegmatite veins cut the quartz veins, so the pegmatite 
veins were formed during later events. 
 
On the Kujankallio L200, there is a change from hinge zone to the main zone and the 
biggest fault zone and therefore the biggest displacement is there. The main fault causes 
8–10 m displacement to the main zone. The hinge zone does not intersect the zone of 
Kujankallio L265. 
 
 
 
 
3.2.3. Quartz vein mineralogy  
 
The width of the quartz veins observed ranged from 20 cm to 1.5 m. Quartz is mostly 
milky but also clear parts were observed. Quartz veins are mostly pure quartz, but, 
especially close to the contacts between quartz vein and host rock, slivers of host rock 
Figure 6. The quartz vein and sampling sites on the left hand wall of the Arpola L120.  
24 
 
and small pockets of biotite and hornblende crystals were observed (Fig. 7). Wall rock 
sulfidation was abundant in places. Mostly sulfides occur as thin (2–6 mm) sulfide seams 
parallel to the vein contact (Fig. 7). Sulfide seams are both in the quartz veins and in the 
host rock. The contact to the host rock was sharp and especially in thin section scale the 
sharp contact between quartz and diorite was striking. 
 
In Kujankallio L200 and L265 there are pegmatitic veins in close proximity to quartz 
veins. They are younger than the quartz veins and not related to the gold precipitation. In 
Arpola L120 only quartz veins are present. Thin calcite-filled veins cross cut the quartz 
veins. Calcite veins are younger and not related to the gold precipitation.  
 
 
 
Figure 7. Contact between quartz vein and the host diorite with sulfidation. Picture is from Arpola L120 
sampling site from between samples JOK-3 and JOK-5 (Fig. 5). 
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3.3. Sample descriptions 
3.3.1. Sample preparation 
 
Thin sections were prepared from 19 samples. Two thin sections were prepared from five 
samples that had contacts between the quartz vein and the host rock. The number of 
standard polished 30 µm thin sections was 24 and the number of standard double polished 
500 µm thick sections was 10. 
 
3.3.2. Naming of samples, sections, chips, fluid inclusion assemblages and fluid inclusion 
types 
 
The naming of samples, thin and thick sections, chips (small pieces of thick sections cut 
to fit into the LA-ICP-MS sample chamber), fluid inclusion assemblages and fluid 
inclusion types is described in Table 3.  
 
 
Table 3. The naming convention used in this study.   
 
sample section chip FIA fluid type 
JOK-11 JOK-11.1 111E 111_07 B3 
JOK-11 JOK-11.1 111E 111_08 B3 
JOK-11 JOK-11.1 111F 111_11 B1 
JOK-11 JOK-11.1 111G 111_12 B3 
JOK-9 JOK-9.3 93A 93_01 B3 
JOK-9 JOK-9.3 93C 93_05 B3 
JOK-9 JOK-9.3 93C 93_11 A1 
 
 
 
3.3.3 Samples for fluid inclusion studies 
 
Samples JOK-4.1 and JOK-4.2 are from immediate sharp contact between the host rock 
and the main quartz vein of the Arpola L120 sampling site. Quartz contains arsenopyrite 
and chalcopyrite that are also abundant at the contacts between the quartz vein and the 
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host diorite. Diorite is biotite and hornblende rich. JOK-4.1 is from the quartz side of the 
quartz–host rock contact and JOK-4.2 is from the immediate contact.  
 
Sample JOK-9.3 is from a loose piece of a quartz vein in the left wall of Arpola L120. At 
the contact between the host rock and quartz vein, there is a 3 cm wide sulfide seam that 
also contains biotite. Sulfides are chalcopyrite and arsenopyrite. Grain size of the host 
rock is intermediate. Host rock contains lots of dark minerals. Quartz is dark and sound 
so it suits well for fluid inclusion studies.   
 
Samples JOK-11.1 and JOK11.2 are from a quartz vein in the left wall of the Arpola 
L120. Quartz is mostly dark, but parts of the quartz are milky. There are small pockets 
filled with biotite inside the quartz vein. Biotite is somewhat altered and the altered 
surface is dark greenish grey. JOK-11.1 is from a sulfide rich layer inside the quartz vein. 
JOK-11.2 is from the quartz vein for fluid inclusion studies. 
 
Samples JOK-15.1 and JOK-15.2 are from a sulfide-bearing quartz vein in the right wall 
of Kujankallio L200. Sample is intact without visible cleavage. The contact between the 
quartz vein and the host rock is sharp. There are sulfides and biotite slivers inside the 
quartz. The grain size of the quartz diorite is intermediate. Contacts on both sides of the 
quartz vein are visible. JOK-15.1 is from a contact between quartz diorite and the vein 
quartz. JOK-15.2 is from the inner part of the vein quartz.  
 
Sample JOK-19.3 is from a laminated quartz vein in Kujankallio L200. The altered 
surface of the host rock is greenish and dusty. The contact between the host rock and 
quartz is sharp. The width of parallel quartz veins vary between millimeters to several 
centimeters. Host rock is intermediate equigranular quartz diorite without garnet. Sulfides 
are inside the quartz as small slivers and single grains. Sample 19.3 is from a contact 
between quartz and host rock. 
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3.3.4. Samples for ore microscopy 
 
Samples collected for ore microscopy are listed in Table 4. These samples are described 
in the mineralogy section. Sample JOK-24 was a drill core sample from Kujankallio 65 
m level. It was a calcite in pegmatite vein and was therefore so different from the other 
samples that it was left out from closer studies. 
 
 
Table 4. Samples for ore microscopy and petrological studies. 
 
Sample  Thin section Sample site Description 
JOK-2 JOK-2 Arpola L120 quartz vein contact 
JOK-3 JOK-3 Arpola L120 quartz vein 
JOK-5 JOK-5 Arpola L120 footwall contact, sulfides 
JOK-6 JOK-6.1 Arpola L120 quartz vein contact 
JOK-6 JOK-6.2 Arpola L120 quartz vein contact, host rock side 
JOK-7 JOK-7 Arpola L120 quartz vein contact, quartz side  
JOK-8 JOK-8 Arpola L120 garnet bearing host rock 
JOK-9 JOK-9.1 Arpola L120 quartz vein, sulfides 
JOK-10 JOK-10 Arpola L120 quartz vein + mafic lens 
JOK-14 JOK-14 Arpola L120 thin quartz vein in host rock, sulfidation 
JOK-15 JOK-15.1 Kujankallio L200 sharp quartz vein contact 
JOK-16 JOK-16 Kujankallio L200 sulphide rich host rock 
JOK-17 JOK-17 Kujankallio L200 host rock 
JOK-18 JOK-18.1 Kujankallio L200 mafic host rock close to contact 
JOK-18 JOK-18.2 Kujankallio L200 host rock turning to quartz vein 
JOK-19 JOK-19.1 Kujankallio L200 quartz vein contact 
JOK-20 JOK-20.1 Kujankallio L200 arsenopyrite rich host rock 
JOK-20 JOK-20.2 Kujankallio L200 arsenopyrite rich host rock 
JOK-21 JOK-21.1 Kujankallio L265 quartz vein contact with a crack 
JOK-21 JOK-21.2 Kujankallio L265 quartz vein contact with a crack, sulfides 
JOK-22 JOK-22.1 Kujankallio L265 quartz vein contact 
JOK-22 JOK-22.2 Kujankallio L265 quartz vein contact with sulfides 
JOK-23 JOK-23 Kujankallio L265 sharp quartz vein contact 
 
 
  
28 
 
3.4. Optical microscopy and ore microscopy 
 
Optical microscopy was conducted to examine the mineral assemblage of the vein 
material, the mineralized zone, and the host rock. Mineral abbreviations used in this thesis 
are listed in Table 5. Also mineral structures and alteration products were investigated 
especially at the contacts between mineralized veins and host rock. Ore and gangue 
minerals were investigated with a Leica DM2500P petrographic microscope. The typical 
appearance of gold, sulfide minerals and tellurides were observed. The coexistence of ore 
sulfide minerals and gold was also determined by studying intergrowth structures of 
different ore minerals. 
 
 
Table 5. List of mineral names and their symbols used in this thesis (based on Whitney and Evans 2010).  
 
symbol mineral symbol mineral symbol mineral 
Ap apatite Hbl hornblende Po pyrrhotite 
Apy arsenopyrite Lo löllingite Qz quartz 
Bt biotite Mrc marcasite Sp sphalerite 
Ccp chalcopyrite Ms muscovite Ttn titanite 
Grt garnet Pl plagioclase Zrn zircon 
 
 
3.5. Fluid inclusion types and chronology 
 
Fluid inclusion petrography was performed with the Leica DM2500P petrographic 
microscope. The aim was to place different fluid inclusion assemblages in chronological 
order. Fluid inclusions are small, mostly less than 10 μm in diameter. Small inclusions 
are not ideal for geochemical analysis. Fluid inclusion assemblages that had minimum 
fluid inclusion sizes of 12–16 μm in diameter were selected for further investigations. 
Fluid inclusions are described with abbreviations, e.g. L70L80V. The example depicts a 
three-phase inclusion that has 70 vol% liquid H2O, and a double bubble CO2 of which 80 
vol% is liquid CO2 and 20 vol% is CO2 vapor. 
 
The relative chronology of different fluid inclusion assemblages was determined based 
on their cross cutting relationships. When fluid inclusion assemblage forms there is 
always some recrystallization related to the process. Formation of a younger fluid 
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inclusion assemblage causes deformation to the previous fluid inclusions (Fig. 8). 
Recrystallization makes previously formed fluid inclusions leak and disappear and the 
assemblage is cross cut when new fluid inclusion assemblage forms. Therefore, the 
relative chronology can be determined by cross cutting relationships.   
 
 
 
3.6. Microthermometry 
 
Microthermometry was used to determine phase transition temperatures of fluid 
inclusions. The observed phase transitions were solid CO2 melting, final ice melting, 
partial homogenization of CO2, clathrate melting and final homogenization.  
 
The phase transitions were observed using a Linkam THMSG-600 heating-freezing stage 
mounted on a Leica DM2500P petrographic microscope. The heating-freezing stage was 
daily calibrated by using synthetic H2O–CO2 and H2O standards. Calibrations were done 
using the melting point of pure CO2 at -56.6°C, clathrate melting point at 10.0°C and 
partial homogenization of CO2 at 30.0°C, and in case of total homogenization 
measurements also the critical temperature of H2O at 374.1°C. The heating-freezing stage 
Figure 8. Relative age chronology of two fluid inclusion assemblages. The 
diagonally oriented fluid inclusion assemblage with smaller inclusions is older 
than the cross cutting horizontal fluid inclusion assemblage. The inclusions of 
the older fluid inclusion assemblage were deformed when the younger fluid 
inclusion assemblage formed. 
30 
 
was stable, during 26 days of freezing measurements the temperatures were constant 
(Table 6). Most of the standard deviation is caused by variable reaction time of the 
observer. The heating rate was 6°C/min. The reproducibility of freezing experiments is 
estimated to be 0.2°C and the reproducibility of heating experiments is about 5°C.  
 
Homogenization temperature measurements of different fluid inclusion assemblages in 
the same sample were problematic. Heating had to be done slowly and all the fluid 
inclusion assemblages had to be monitored every 5°C. In some cases the fluid inclusions 
of another FIA inside one sample homogenized or decrepitated during a temperature step 
of 5°C without observation of the exact homogenization or decrepitation temperature. 
Therefore the homogenization temperatures are not as reliable as the results from the 
cooling experiments.   
 
 
Table 6. Standard deviation of the cooling measurement calibrations.  
 
  
TmCO2  
-56.6°C 
TmCla 
10.0°C 
TpCO2 
30.0°C 
average -56.87 10.39 30.43 
standard deviation 0.222 0.219 0.224 
number of calibrations 26 26 26 
 
 
 
3.7. LA-ICP-MS measurements 
 
3.7.1. LA-ICP-MS measurements for titanium in quartz 
 
Laser ablation inductively coupled plasma mass spectrometer, LA-ICP-MS, was used to 
determine titanium concentration in quartz. Measurements were done at the University of 
Helsinki with an Agilent 7900s quadrupole ICPMS equipped with a high-sensitivity s-
lens ion lens configuration, and coupled to a Coherent GeoLas Pro MV 193 nm excimer 
laser ablation system. A fast washout small-volume 1 cm³ ablation cell was used to gain 
high sensitivities and guarantee the lowest possible limits of detection for short-term fluid 
inclusion signals. The ICP-MS system was daily tuned so that the signal-to-background 
ratios were as good as possible, and low oxide production rates and optimal ablation, 
transport and plasma conditions (U/Th ratio 1.00 ± 0.02) were reached. The instrument 
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accuracy test was done daily by repeated measurements of the composition of NIST612 
standard using NIST610 standard as the external reference material. NIST610 and 
NIST612 are synthetic silica glass standards, and because standards and samples should 
have comparable matrix, also a natural quartz standard (Audétat et al. 2014) was used for 
the verification (Appendix A) and quantification of results. 
 
The ICP-MS measures mass/charge ratios. It separates ions with specific mass and ratio 
and it measures the count rates of these particles. The mass spectrometer only recognizes 
masses and it cannot separate ions such as 40Ar16O from 56Fe. Therefore 40Ar16O may 
interfere with the 56Fe count rates. Polyatomic interference can happen with other 
elements, too. 17O forms a compound with 39K and 16O with 40Ca. To minimize oxide 
interference the LA-ICP-MS was tuned daily so that oxide ratio was <0.5%. 
 
The ICPMS detector drift was corrected by starting and finishing a sequence of ablations 
with measurements of the external standard NIST610. Measurements were performed in 
such a way that no more than three hours were exceeded between measuring NIST610 
standards for each sample sequence. Silica (29Si) was used as the drift correction standard.  
 
Titanium concentrations were measured by shooting pure quartz grains with LA-ICP-MS. 
Gas plank was always measured first before sample was shot. Gas plank set the 
background concentration in the gas flow during each measurement. When an element 
was freed from the fluid inclusion it caused a peak into the spectrum. Each measurement 
started with 40 second gas blank measurement, followed by 50 s sample ablation with a 
10 Hz laser repetition rate. A fluence of 15 J/cm2 and crater size of 90 μm were used. 
Higher fluence (18 J/cm2) was tested to get higher count rates but too high fluence caused 
chipping of the sample material.  The NIST610 standard was measured with 10 J/cm2 
fluence and 60 μm crater size. He carrier gas flow rate was 1000. Helium flow in the 
sample chamber is somewhat turbulent and therefore some areas have higher sensitivity 
than others. To avoid the effect of turbulence, the internal standard NIST610 
measurements were always measured in the same area for each sample sequence.  
 
The elements measured were 7Li, 9Be, 11B, 23Na, 25Mg, 27Al, 29Si, 31P, 39K, 42Ca, 45Sc, 
47Ti, 49Ti, 55Mn, 57Fe, 66Zn, 71Ga, 72Ge, 85Rb, 88Sr, 90Zr, 118Sn, 133Cs, 137Ba, 197Au, 208Pb 
and 238U. The dwell time for each element was 0.01 seconds. If the ablation time is too 
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long, low concentrations do not stand out from the background and do not exceed 
detection limit. 
 
3.7.2. LA-ICP-MS measurements on fluid inclusions  
 
The aim was to get an insight into the halogen footprint in the Jokisivu samples by 
measuring halogen concentrations of the fluid inclusion by LA-ICP-MS. This would have 
linked the study to ongoing research in the Ilomantsi Greenstone Belt. The largest fluid 
inclusions were selected for LA-ICPMS measurements, but they were too small, too 
closely spaced and too deep to be measured with LA-ICPMS. The most representative 
and largest fluid inclusions were ablated but no clear fluid inclusion signal was observed. 
The inclusions were too small and had too low salinities.  
 
Before ablating a fluid inclusion, careful predrilling of the first 10–20 μm was done to 
prevent the loss of fluid inclusions caused by chipping of quartz. Predrilling was done 
using a step-wise increase in ablation spot sizes starting with the drill diameter of 16 μm. 
A 60 μm drill was used for fluid inclusions 20 μm in diameter. The inclusion depths of 
100–110 μm were problematic and no results were obtained. Optimal fluid inclusion 
depth is 90–100 μm. It is possible that the drill did not hit the small 20 μm in diameter 
fluid inclusions at all as no peaks were observed. Other closely spaced fluid inclusions 
may have leaked into to drill hole walls causing several small peaks and making the 
results unreliable. Small fluid inclusions (max. 20 μm)  have a tiny amount of water and 
when the salinity is low (TmH2O ≈ –1 °C) the amounts of trace elements are below 
detection limit. Unlike Cl concentrations, Br concentrations cannot be determined by 
microthermometry nor Raman spectroscopic analysis (Leisen et al. 2012).  
 
3.7.3. Data treatment with the SILLS program 
 
The SILLS software package (Guillong et al. 2008) was used for LA-ICP-MS data 
reduction. All elements were quantified against 29Si in external standard NIST610. Both 
47Ti and 49Ti were analyzed and 47Ti was used for TitaniQ calculations. Each sample had 
multiple LA-ICP-MS shots to minimize the effect of possible error in a specific 
measurement. Impurities on the sample surface were eliminated by cleaning samples with 
acetone before putting them into the sample chamber. 
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Despite careful cleaning of the sample surface with acetone, there were often some 
impurities (e.g. Na, Mg, K, Zn, Sr, Pb, U, sometimes also Ca) remaining that caused peaks 
at the beginning of the time-resolved LA-ICP-MS signal (Fig. 9). The SILLS program 
was used to remove spikes from the LA-ICP-MS signal. By refining the background area 
and composition area from where the calculations are made the effect of the impurity 
peaks is removed (Fig. 9).  
 
Intersecting a fluid inclusion or rutile 
needle during ablation caused peaks 
in the middle of the LA-ICP-MS 
spectra. The effect of these peaks was 
corrected by defining the analysis 
area outside the peaks (Fig. 10). The 
peak in Figure 10 causes only tiny 
effect on the concentration, with the 
peak the concentration is 0.022 % 
higher than without. In this case the 
Na peak is insignificant to the result. 
When there are large peaks of 
multiple elements the effect is more 
significant. Hitting a fluid inclusion 
instead of pure quartz caused remarkable error for example for sample 152C22 where Na 
concentration for disturbed sample is 18.90 ppm whereas with corrected signal Na 
concentration is 0.81 ppm. However, redefining signals does not have a remarkable effect 
on Ti concentrations that are 15.50 ppm and 15.58 ppm. These differences do not exceed 
the uncertainty limit of measurements. Redefined signal compositions are used for 
TitaniQ thermometer calculations. Measurements that hit inclusions and had very bad 
signals were excluded from the results. Some signals have inclusion peaks but they were 
nevertheless used for TitaniQ calculations as inclusion peaks did not have a significant 
effect on titanium concentration.  
Figure 9. Impurity peak in the beginning of the LA- 
ICP-MS spectra in section JOK-15.1. Grey area is the  
area for background calculations and blue area is the  
area for composition calculations. 
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3.8. Titanium in quartz geothermometer 
 
Titanium is one of the trace elements that substitute for silicon in quartz (Wark and 
Watson 2006). Substitution is temperature dependent which allows the use of the titanium 
content in quartz as a geothermometer (Wark and Watson 2006). The geothermometer 
TitaniQ calibration model (Thomas et al 2010, Thomas et al. 2015) helps to determine 
quartz crystallization temperatures in ore deposits (Wark and Watson 2006).  TitaniQ is 
calibrated for quartz crystallized in the presence of rutile which is the case in this study. 
TitaniQ geothermometer is based on experiments conducted at temperatures ranging from 
600 to 1000°C (Wark and Watson 2006). 
 
Titanium concentrations in metamorphic and igneous quartz are easily quantified as 
concentrations are relatively high, typically from 1 ppm to over 100 ppm (Wark and 
Watson 2006). Ti4+ fits into the fourfold tetrahedral sites of Si4+ and therefore substitutes 
for silicon at all temperatures (Thomas et al. 2010). Where pure rutile, TiO2, is present, 
the activity of Ti is fixed to 1 (Wark and Watson 2006).  
 
An exchange reaction for quartz in equilibrium with rutile is: 
 
TiO2
rutile = TiO2
quartz.     [2] 
Figure 10. Redefining composition area to prevent the effect of the peak caused by fluid inclusion. 
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The equilibrium constant K for the reaction is  
 
K = aTiO2qtz /aTiO2rutile,     [3] 
 
where aTiO2 is the activity of TiO2. For pure rutile aTiO2rutile = 1.  
 
Quartz crystallization temperature can then be calculated by the equation by Wark and 
Watson (2006):  
   
     [4] 
 
 
 
TitaniQ geothermometer was used to calculate temperature estimates for the samples. 
According to Thomas et al. (2010), the pressure has an effect on the Ti-in-quartz solubility 
and therefore the original TitaniQ equation [4] can be used at pressures close to 1000 
MPa but at lower pressures the pressure dependency must be taken into account. In the 
range of 500 MPa to 2000 MPa, titanium-in-quartz solubility is strongly pressure-
dependent (Thomas et al. 2010). Therefore, the titanium in quartz thermometer 
calculations were made using TitaniQ thermometer calculation sheet by Thomas et al. 
(2010). The lower the formation temperature of quartz is, the lower the Ti concentration 
in quartz is and the error increases (Thomas et al. 2010). According to Wark and Watson 
(2006) the resulting temperature estimates are precise, usually better than ±5°C. The 
accuracy of measurements is of course a matter of calibration errors, instrument operating 
conditions and quality of samples and standards.  
 
TitaniQ geothermometer is suitable for rocks of wide temperature range, 400–1000°C, 
but it is best suitable for metamorphic rocks that equilibrated in greenschist facies 
temperatures and higher and for hydrothermal veins (Wark and Watson 2006). According 
to previous studies in Jokisivu the metamorphic facies is amphibolite facies (Luukkonen 
et al. 1992). Also the presence of garnet refers to crystallization temperatures above 
400°C so Jokisivu samples should be well suited for TitaniQ geothermometer calculations 
if quartz was formed at the same P–T conditions.   
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3.9. Raman spectroscopy 
 
3.9.1. Theory of Raman spectroscopy 
 
According to Rosso and Bodnar (1995) an H2O–CO2 inclusion with a liquid to vapor 
volume ratio of 1 and bulk CO2 concentration of 1.3 mol% can be easily overlooked by 
optical microscopy. Overlooking the presence of CO2 may cause significant error in 
density and salinity calculations. Therefore Raman spectroscopy is used in this study to 
provide information about CO2 and other gaseous elements in the fluid inclusions. Raman 
spectroscopy is a non-destructive method used to characterize liquid and gaseous 
compounds and solute species in fluid inclusions (Frezzotti et al. 2011). One of the main 
advantages of Raman spectroscopy is that it can be used for chemical characterization of 
small samples down to 1 μm in diameter. 
 
Raman spectroscopy is a method to identify compounds in the sample by measuring 
molecular vibrations. The laser excites the molecules to generate scattering (Frezzotti et 
al. 2011). Raman spectroscopy is based on inelastic scattering of light by matter that can 
be in its solid, liquid or gaseous state (Frezzotti et al. 2011). Monochromatic light 
scattered by matter contains radiations whose frequencies differ from those of the exciting 
light source (Fig. 11). Scattered 
light may have greater or smaller 
energy than the incoming light 
(Frezzotti et al. 2011). Molecules 
have different vibrational energy 
levels. The levels are the ground 
state n=0 and the excited states 
n=1, n=2, etc. Excited states are 
separated by a quantum of energy 
ΔE=hνm, where h is the Planck 
constant and νm is the frequency 
of molecular vibration (Frezzotti 
et al. 2011). The excited states are 
unstable and therefore light is 
instantaneously released as 
Figure 11. Energy-level diagram shows the states involved in 
Raman spectrum. The line thickness is roughly showing the 
signal strength from different transitions, Rayleigh scattering 
being the strongest. 
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scattered radiation (Frezzotti et al. 2011). The principles of Rayleigh scattering (no ΔE) 
and Stokes (ΔEneg) and anti-Stokes (ΔEpos) Raman scattering are depicted in Figure 11. 
The Raman spectrum is the plot of light intensity expressed as counts versus the frequency 
shift of scattered light in frequency units, wavenumbers in this study. In this study only 
Stokes Raman scattering frequencies were measured, because they are ten times stronger 
than anti-Stokes Raman scattering frequencies (Frezzotti et al. 2011).  
 
Frequency, shape and intensity of Raman bands are dependent on the rate of change of 
molecular polarizability during vibrational motion (Rosso and Bodnar 1995). Molecular 
interactions which affect vibration cause changes in Raman bands. Raman band 
intensities are proportional to the number of molecules in the scattering volume or density 
(Rosso and Bodnar 1995). The dominant unexcited vibrational state is usually the ground 
state of the molecule with zero vibrational energy and therefore most Raman bands arise 
from transitions from the ground state to an excited state (Rosso and Bodnar 1995).  
 
The Raman spectrum of CO2 shows two bands at frequencies of 1285.4 and 1388.2 cm
-1 
and two symmetrical weak bands that have frequencies of 1264.8 and 1409.0 cm-1 (Rosso 
and Bodnar 1995). The two main peaks, the so-called Fermi diad, are explained by the 
resonance effect i.e. the doublet structure in the CO2 symmetric stretching vibration 
(Frezzotti et al. 2011). The symmetrical weak bands on both sides of Fermi diad are called 
hot bands. They are also coupled through Fermi resonance (Rosso and Bodnar 1995). Hot 
bands are formed when the molecules in the sample are in excited state due to the 
temperature of the sample. Raman transitions may arise from these thermally excited 
states to higher excited states (Rosso and Bodnar 1995).   
 
The distance between the Fermi diad bands depends on fluid density (Wang et al. 2011). 
Fermi diad bands of CO2 shift to lower wavenumbers when the density increases (Rosso 
and Bodnar 1995). Also the intensity ratio of the upper band to the lower band increases 
as the density increases (Garrabos et al. 1980). Temperature, too, has an effect on the 
Raman spectra of CO2. The higher the temperature the smaller the Fermi diad split 
becomes. The position of the Fermi diad bands shifts to higher wavenumbers and the 
intensity of hot bands increases (Wang et al. 2011). In high temperatures two additional 
hot bands appear (Wang et al. 2011). 
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3.9.2. Raman spectroscopy measurements 
 
Raman spectroscopy was performed to qualitatively determine gaseous phases present in 
the fluid inclusions. For Raman analyses such fluid inclusion assemblages were selected 
that had several suitable fluid inclusions for measurements. Raman spectroscopy 
measurements were made at the University of Helsinki using a Dilor Labram II 
instrument. The Raman spectrometer is sensitive to changes in temperature, atmospheric 
pressure and humidity and the alignment of the beam path had to be done several times. 
A CO2-CH4 fluid inclusion in a natural quartz sample, that had been calibrated using a 
CO2–N2 standard (Van den Kerkhof 1988), was used to calibrate the Raman instrument 
daily, and sometimes several times a day. In addition, quartz and calcite standards were 
used in order to analyze the effect of atmospheric N2.  
 
All Raman analyses were done using a 100x magnification objective. Raman spectra for 
fluid inclusions and the natural quartz standard were acquired by single accumulation of 
60 s integrations per each spectral window. The measurement spectral length was 550–
4200 cm-1 to cover all the elements of interest, CO2, N2, H2S and CO2. Raman spectra for 
quartz and calcite standards were acquired by single accumulation of 1 s.  
 
The peak positions of the Raman spectra were shifted, for example, CH4 was expected to 
appear at 2917 cm-1 but it was shifted to 2914 cm-1. According to Burke (2001) the 
downshift of CH4 peak position in an inclusion with CO2 and N2 is caused by pressure 
and solution effects. It was, however, easy to recognize the expected peaks (CO2 Fermi 
diad, N2 and CH4) even if the peak positions were not at their exact theoretical 
wavenumbers. Recognizing unexpected peaks such as H2S was more difficult as the peak 
positions were shifted.  
 
Two-phase aqueous–carbonic fluid inclusions were measured twice; the CO2-bearing 
bubble and H2O liquid were measured separately. However, the CO2 bubble often started 
moving during the measurement as the laser beam heated the inclusion. Therefore it was 
difficult or even impossible to measure the vapor bubble and sometimes also measuring 
the liquid phase was difficult as the moving bubble interfered with the measurement.  
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Raman spectra were measured from two samples, JOK-9.3 and JOK-11.1, were 
measured, and most of the measurements were made from fluid inclusion assemblages 
representing fluid inclusion type B3.  
 
3.9.3. Data treatment 
 
The Raman spectra were fitted using a Python script for Raman spectrum fitting (Anselm 
Loges, pers. commun. 2016). Two point calibration was done to all samples and natural 
quartz standard was used for this purpose. Points for calibration were the CO2 peak at 
1285 cm-1 and the CH4 peak at 2917 cm
-1. Points were chosen so that they bracket the 
position of interest and therefore the peak positions are determined as precisely as 
possible.  
 
Raman gas species quantification was done using the calculation scheme of Burke (2001). 
For quantitative Raman analysis two parameters must be known: the Raman scattering 
cross section and the variation of the instrumental efficiency at the different wavenumbers 
for each excitation wavelength (Frezzotti et al. 2011). Raman scattering cross section 
indicates the activity of a certain gas component in the fluid inclusion and it is dependent 
on laser excitation wavelength. The variation of the instrumental efficiency requires 
empirical calibration of the spectrometer by measuring a gas mixture standard of known 
composition and density.  
 
In this study a natural quartz sample with fluid inclusions was used as a standard. The 
instrumental coefficient changed every day and even during one day. The instrumental 
coefficient was calculated for each day using the natural quartz sample results. 
Instrumental coefficient was in the range between 0.62 and 0.86 with a standard deviation 
of 0.1. The measurements of any fluid inclusion assemblage were always started by 
measuring the natural quartz sample so the peak area calculations could be done using a 
suitable instrumental coefficient for every measurement.  
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The molar fraction of a gaseous component in a gas mixture can be calculated using the 
equation 
 
,   [5] 
    
where Xa = molar fraction, Aa = the band area, σa = the Raman cross section and ζa = 
instrumental efficiency for gas a, and ΣAi, σi and ζi are the sum values for all gas species 
in the fluid inclusion (Frezzotti et al. 2011). To get reliable analyses, all measurements 
were done using the same analytical conditions such as laser intensity, accumulation time 
and number of accumulations. The sum of the two Fermi diad CO2 bands was used when 
calculating the peak areas and concentration for CO2.  
 
 
3.10. Calculation of bulk fluid properties 
 
The bulk composition and density of fluid inclusions were calculated using the BULK 
program version 01/03 from the FLUIDS package of computer programs for fluid 
inclusion studies (Bakker 2003). BULK makes it possible to combine both 
microthermometric data and Raman data. Fluid inclusion information such as partial 
homogenization temperature of CO2, final ice melting temperature and the proportion of 
aqueous phase in the fluid inclusion are needed for the calculations. For complex 
calculations of H2O–CO2–CH4–N2–NaCl systems also molar ratios of all the gaseous 
phases are needed. Not all the microthermometric information is available for every fluid 
inclusion measured, and assemblage averages were used for the calculations. 
Compositional data gained from Raman spectroscopy measurements were combined to 
average compositions and the averages were used in the BULK program. BULK is a 
modelling program that includes different fluid equations of states determined by several 
studies. A combination of two equations of states proposed by Bowers and Helgeson 
(1983) and Bakker (1999) was used in this study.   
 
The effect of CH4 and N2 was tested by comparing the calculated isochores with 
CO2+CH4+N2 with with those for pure CO2. CH4 and N2 do not have a significant effect 
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on the fluid inclusion density and isochore slope. Therefore, the isochores were calculated 
assuming that the fluid inclusions were represented by the H2O–CO2–NaCl systems 
instead of more complex H2O–NaCl–CO2–CH4–N2 systems. Compositional data acquired 
from Raman spectrometer measurements was therefore not fully utilized in the density 
calculations.  
 
The calculations for the H2O–CO2–NaCl system required the partial homogenization 
temperature of CO2 and knowledge that homogenization is into the liquid phase. The 
equation of state for homogenization conditions of the carbonic phase was defined by 
Duschek et al. (1990). Aqueous solution parameters were calculated using 
thermodynamic model for aqueous solution H2O+gases+salts using Henry's law and 
osmotic coefficients. The model for the NaCl–KCl–CaCl2–MgCl2 system (Bakker 1999) 
was used and it was assumed that the only salt present is NaCl. The margin of error in the 
fluid inclusion density calculations is minor. The estimation of the volume proportion of 
aqueous phase in the inclusion has a major effect on the density calculations.  
 
The isochores based on bulk fluid inclusion compositions were calculated with the 
computer program LonerB that is based on Bowers and Helgeson (1983) and Bakker 
(1999). LonerB is a part of Software Package Fluids 2 (Bakker 2012).  
 
4.   MINERALOGY 
 
 
4.1. Diorite 
 
Garnet-bearing quartz diorite is the host rock in Arpola 120 m level (Fig. 12). The quartz 
diorite contains plagioclase, hornblende, biotite and quartz as main minerals. Garnet is 
present in some samples. Accessory minerals are chlorite, muscovite, titanite, zircon, 
apatite, rutile and calcite. Chlorite is abundant in some samples where biotite has been 
altered to chlorite. There are also some relicts of pyroxene that has been altered to chlorite.  
  
42 
 
The quartz grains in the quartz diorite 
are recrystallized, close to contacts 
between quartz diorite and quartz veins, 
the quartz grains in the host rock are 
elongated. The quartz diorite generally 
contains small amounts of small quartz 
grains but near the contact the quartz 
grains in the diorite are larger and more 
abundant, which may be an effect of 
silicification related to fluid-rock 
reaction. 
 
The proportion of plagioclase in the 
quartz diorite varies from very small 
amounts to being the most abundant 
mineral (Fig. 13a). In quartz diorite there are two types of plagioclase, some are fresh, 
while the second type is strongly altered. Sericite has replaced the plagioclase grains 
(Figs. 13b and 13c). Fresh plagioclase grains are typically larger than the altered grains. 
The sericitization starts along the twinning lamellae and in some grains every lamella has 
been altered to sericite. In some samples, plagioclase has been altered completely and 
only dusty alteration product is left (Fig. 13c). In some plagioclase grains, twinning 
lamellae are still visible. In sample JOK-3, the only minerals left are plagioclase and 
quartz. Amphibole has almost completely disappeared from the quartz diorite in sample 
JOK-3.  
 
The main amphibole phase is hornblende. Hornblende has pleochroic shades of green and 
has typical imperfect cleavage in two directions, 56° and 124°. Some of the grains have 
poikiloblastic texture.  
 
Biotite grains range from fine to coarse size and they are commonly euhedral. Biotite 
grains are foliated (Fig. 14b) and they are often abundant at the contacts between quartz 
veins and the diorite. In some samples, biotite grains form elongated aggregates inside 
the quartz diorite and at the contacts between quartz diorite and quartz veins. There are   
Figure 12. Example of host rock diorite, sample JOK-8. 
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two generations of biotite, one is greyish brown and the second one reddish brown in 
color. There are fresh unaltered biotite grains and altered biotite grains present. Chlorite 
is the dominant alteration product of biotite. Some original biotite crystals are not 
completely altered, whereas other biotite crystals are completely chloritized (Fig. 14c). 
Close to the contacts between quartz veins and the host rock, the biotite in the quartz veins 
are strongly chloritized, whereas the biotite in the diorite is only weakly altered (Fig. 14a). 
Muscovite or another white mica phases are sometimes associated with biotite and 
chlorite (Figure 14b). 
  
Figure 13. a) Example of altered plagioclase in the quartz diorite in sample JOK-16. The color of 
plagioclase is brown because of sericite. b) Pure plagioclase (upper Pl) and plagioclase with sericite 
(lower Pl) in sample JOK-9.1. c) Strongly sericitized plagioclase in sample JOK-10. 
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Garnet grains are typically idioblastic. Large (up to 6 mm in diameter) crystals have 
poikiloblastic texture, they contain big inclusions of quartz, zircon and other unidentified 
minerals (Fig. 15a). Large zircons are present inside plagioclase and biotite, and the 
biotite shows pleochroic haloes around thezircon inclusions (Fig. 15b). Small zircon 
grains have round shapes. Apatite grains are rare but the few ones observed are ~0.2 mm 
in size and have a high relief (Fig. 15c). Apatite grains are white with a violet tint and 
their interference colors are first order grey. Apatite grains are commonly hexagonal and 
euhedral. Titanite is light brownish and has high purple blue interference colors. The 
titanite grains are slightly elongated and their egdes are rounded (Fig. 15d). Titanite seems 
to replace biotite in some samples. Titanite is present in many samples. Rutile grains in 
the diorite are light brown in color. They are not present in all samples, but in the quartz 
Figure 14. a) Fresh biotite vs chloritized biotite in sample JOK-18.2. b) Foliated biotite, white mica and 
altered plagioclase in plain polarized light in sample JOK-10. b) Chloritized biotite and fresh biotite in plain 
polarized light in sample JOK-23. 
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samples selected for fluid inclusion studies, rutile needles are present throughout the 
quartz.    
 
 
 
 
Figure 15. a) Garnet grain surrounded by hornblende in host rock diorite, sample JOK-8. b) Zircon and its 
halo in chloritized biotite in sample JOK-6.2. c) Apatite grain next to hornblende in sample JOK-15.1. d) 
Titanite grain next to quartz and plagioclase grains in sample JOK-23. Scale is same in all the pictures. 
 
 
4.2. Quartz veins 
 
The vein quartz is recrystallized and grain boundary migration is obvious in many 
samples. Quartz grains range from 0.1 mm to several millimeters in diameter and they are 
slightly elongated in places. Some larger grain boundaries still show the pre-existing 
smaller grain shapes. Near the contact to the host rock, the grain size of quartz is typically 
smaller. Close to ore minerals, quartz grains are recrystallized and rather small (Fig. 16). 
Undulose extinction is typical for the vein quartz. Contacts between quartz veins and 
quartz diorite are sharp, but there are commonly slivers of diorite inside the quartz veins. 
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4.3. Ore minerals 
 
Sulfides are abundant especially close to contacts between the host rock and quartz veins. 
Fluid inclusion assemblages in quartz always end at grain boundaries with sulfide grains. 
Therefore, the sulfides are younger than quartz.  
 
Pyrrhotite and arsenopyrite are the main ore minerals. Chalcopyrite is common and it 
occurs as small grains and in contact with pyrrhotite, arsenopyrite and sphalerite as larger 
grains. Pyrite is absent in all samples investigated. Pyrite turns into pyrrhotite in the 
granulite facies (Phillips and Powell 1993), so pyrrhotite may have replaced pyrite. 
 
Arsenopyrite is the most abundant ore mineral in the samples. Arsenopyrite grains are 
bright white and they have smooth surfaces and sharp edges. In the quartz diorite, some 
arsenopyrite grains are skeletal and they occur especially together with hornblende and 
biotite (Fig. 17a). Grain size varies from a few micrometers to centimeter scale. Smaller 
grains occur inside quartz grains and in small cracks, whereas larger grains occur along 
quartz grain boundaries and in larger fractures (Fig. 17b). Arsenopyrite occurs also in the 
interstices between silicates and inside altered plagioclase grains. Arsenopyrite seems to 
Figure 16. Quartz recrystallization close to the contact with sulfide 
minerals. 
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have precipitated simultaneously with quartz. In sample JOK-2, fluid inclusion trails in 
quartz continue into the arsenopyrite grains as well.   
 
 
Figure 17. a) In sample JOK-16 arsenopyrite is inside hornblende grains in significant amounts. b) Large 
arsenopyrite grains and typical occurrence of chalcopyrite with arsenopyrite in sample JOK-20.1. c) 
Pyrrhotite and alteration to marcasite in sample JOK-7. d) Arsenopyrite, marcasite, gold and tiny chalcopyrite 
grains in sample JOK-7. 
 
Chalcopyrite is often present inside arsenopyrite and pyrrhotite grains, but also inside 
hornblende and altered plagioclase. Isolated chalcopyrite grains are only a few 
micrometers in diameter (Fig. 17d). Chalcopyrite has crystallized later than the 
arsenopyrite, because it is commonly observed at the edges of arsenopyrite. Chalcopyrite 
grains are mostly small, ranging from a few micrometers to millimeter scale and occur in 
clusters often between arsenopyrite grains (Fig. 17b). Chalcopyrite occurs abundantly in 
grain contact with chlorite. 
 
Pyrrhotite grains have typically sharp edges. The grains are present between quartz grains 
and in some samples they form elongate aggregates of several grains. Some pyrrhotite 
grains show partial alteration to marcasite (Fig. 17c). Pyrrhotite grains have mostly 
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euhedral shapes, indicating that pyrrhotite has probably crystallized simultaneously with 
the quartz. In sample JOK-2, pyrrhotite has clearly crystallized after quartz, because fluid 
inclusion assemblages are not continuing into pyrrhotite grains. 
 
Rare sphalerite is mostly associated with other minerals. In many samples, sphalerite is 
enclosed in garnet (Fig. 18b). Minor sphalerite occurs also with chlorite, hornblende, 
biotite and arsenopyrite. Sphalerite crystals range from 10 µm up to several millimeters 
in diameter. In sample JOK-18.1, sphalerite grains are rather large and occur isolated. 
Some sphalerite grains have strong internal reflections (Fig. 18a). 
 
 
Figure 18. a) Internal reflections of sphalerite in sample JOK-19.1. b) Sphalerite under ore microscope. 
Colors on the surface are caused by glue. c) Sphalerite inside garnet grain in sample JOK-22.1. d) Sphalerite 
under ore microscope is pale grey. 
 
Löllingite is very rare. Löllingite grains are euhedral and they have extremely sharp grain 
shapes and a bright white color (Fig. 19b). Löllingite occurs on its own and associated 
with arsenopyrite. According to Luukkonen et al. (1992), löllingite is slightly older than 
arsenopyrite and arsenopyrite is replacing the löllingite. Arsenopyrite and löllingite form 
a stable mineral assemblage that has precipitated at the early stages of mineralization 
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(Luukkonen et al. 1992). Marcasite is rarely found as an alteration product of pyrrhotite 
(Luukkonen et al. 1992).  
 
 
Figure 19. a) Pyrrhotite has altered to orange marcasite in sample JOK-14. b) Löllingite grains are sharp 
and bright in sample JOK-20.2. 
 
Visible gold is commonly present in Jokisivu gold deposit (Fig. 20a). Most of the gold is 
present as grains of a few micrometers in diameter. Gold occurs also associated with 
arsenopyrite and other sulfides as larger grains (Fig. 20b), as well as with biotite. Gold 
grains have even surfaces and grain boundaries are smooth. Gold is younger than the 
arsenopyrite, because it is located in cracks in arsenopyrite. According to Luukkonen et 
al. (1992), the tellurides are bismuth tellurides and gold is often intergrown with 
tellurides. Tellurides were not confirmed in the Jokisivu samples studied. 
 
  
Figure 20. Gold occurrence in Jokisivu. a) Visible gold in the production stope wall in Arpola 120 level. b) 
Microscopic gold grains in sample JOK-23 show bright yellow color and smooth grain boundaries. 
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5.   RESULTS 
 
5.1. Fluid inclusion types 
 
Each fluid inclusion assemblage has distinct optical features and distinct fluid properties 
that were investigated by conducting microthermometry. The fluid types, FIAs belonging 
to them and their microthermometric properties are listed in Appendix B. All the rock 
samples selected for fluid inclusion studies contained similar fluid inclusion assemblages. 
Relative timing of all fluid inclusion assemblages was not possible in all the samples but 
the detected chronology in other samples were assumed to apply to all the samples with 
similar fluid inclusion assemblages.  
 
Two main fluid types, aqueous and aqueous–carbonic, have migrated trough the Jokisivu 
mineralized zone. These two main fluid types are responsible for five main fluid inclusion 
types. Pure aqueous fluid inclusion types form both two phase aqueous inclusions, fluid 
inclusion type A1 (Fig. 21), and one-phase inclusions (L), fluid inclusion types A2 and 
A3. The distinction between A2 (Fig. 22) and A3 (Fig. 23) was based on the appearance 
and TmH2O of measured FIAs. Aqueous–carbonic fluids form fluid inclusion types B1, 
B2 and B3. These fluid inclusion types are distinguished from each other based on their 
appearance and different partial homogenization temperatures of CO2 measured in FIAs. 
CH4, N2 and H2S cannot be observed optically in aqueous–carbonic inclusions. 
 
The aqueous fluid inclusions representing fluid inclusion type A1 are two-phase 
inclusions L70V–L90V (Fig. 21).  They have negative crystal shapes and the size ranges 
from 10 µm to 30 µm.   
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The one-phase aqueous fluid inclusions representing fluid inclusion type A2 have clear 
appearance. Type A2 inclusions are bright and typically larger than other fluid inclusion 
types, sizes vary from 15 µm up to 60 µm. There are both regular and irregular single-
phase, L, aqueous inclusions. The fluid inclusion of type A2 are regular in shape (Fig. 
22). Most of the single-phase aqueous fluid inclusions are type A3 inclusions (Fig. 23). 
They are irregular in shape and their salinity is somewhat lower than the salinity of A2 
fluid inclusions. Ice melting is the only phase transition observed in A2 and A3 inclusions, 
therefore there is no Thtot for fluid inclusion types A2 and A3.  
  
Figure 22. Examples of fluid inclusion assemblages representing fluid inclusion type A2. Names in the 
pictures are FIA names, first numbers and letter representing the chip from where they were observed. 
Figure 21. Examples of fluid inclusion assemblages representing fluid inclusion type A1. 
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B1 fluid inclusions are regular aqueous–carbonic L50L–L80L inclusions (Fig. 24). 
Inclusions have dark edges. The size of B1 inclusions ranges from 8 µm to 20 µm.  
 
 
Figure 24. Examples of fluid inclusion assemblages representing fluid inclusion type B1. 
 
Figure 23. Examples of fluid inclusion assemblages representing fluid inclusion type A3. 
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B2 low salinity aqueous–carbonic L80L–L20L inclusions have mostly regular shapes but 
they also have necking down structures (Fig. 25, 10A_FIA2). B3 fluid inclusions are 
generally small, size ranges from 4 µm to 20 µm. 
 
 
 
B3 is the most abundant fluid inclusion type in Jokisivu samples. In JOK-9.2 and JOK-
9.3 the fluid inclusion assemblages have preferred orientation, almost all the trails are 
parallel to each other. Fluid inclusion assemblage orientations in thick section JOK-9.2 
are shown in Appendix D. All B3 aqueous–carbonic L10L–L30L inclusions have similar 
rectangular shape and dark appearance (Fig. 26). Most of the fluid inclusions have only a 
thin H2O film on the inclusion walls. Some of the inclusions have double bubble structure 
L10L90V. The inconsistent presence of double bubbles was neglected, because the ThCO2 
varied being lower than the room temperature in some inclusions and higher in others.  
 
  
Figure 25. Examples of fluid inclusion assemblages representing fluid inclusion type B2. 
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There are also extremely dark, presumably gaseous CO2, fluid inclusions (Fig. 27). These 
inclusions are so dark that no phase transitions can be observed. Dark CO2 inclusions do 
not occur in all samples, they seem to be related to sulfide minerals as they occur in the 
quartz close to sulfide contacts.  
 
Necking down is commonly observed for both aqueous and aqueous–carbonic fluid 
inclusion assemblages. Necking down process is evident from variable phase proportions 
in single fluid inclusions inside a fluid inclusion assemblage. Fluid inclusion assemblages 
with necking down textures were avoided as their composition does not represent the true 
fluid composition. 
 
Figure 26. Examples of fluid inclusion assemblages representing fluid inclusion type B3. 
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5.2. Chronology of fluid inclusion types 
 
The fluid inclusion chronology was determined based on cross cutting relationships. 
Some fluid inclusion assemblage chronologies were difficult to observe as fluid inclusion 
assemblages are in different depths and intersect at different angles. The wider the 
inclusion trails, the more difficult it is to determine the relative age relationships. Wide 
inclusion trails often have small inclusions (less than 8 µm in diameter) which makes it 
impossible to reliably determine which fluid inclusion assemblages was deformed.  
 
The general fluid inclusion chronology was established as follows: 
B2 < B1 < B3 < A2 = A3 < A1.  
 
B2 and B3 were not observed cutting each other so their relative chronology is based on 
their age relations with the other fluid inclusion assemblages. For example, FIAs 
representing B3 and B1 are observed cutting each other, FIA representing B1 is younger. 
Elsewhere, in the same sample, FIAs representing B1 and B2 are observed and B2 is 
younger. Therefore, it can be assumed that B2 is younger than B3. Also the relative 
chronology of A1 and B1 is not based on observation of cross cutting FIAs but their age 
relations with the other fluid inclusion assemblages. The relative age relationship of FIAs 
Figure 27. Dark CO2 fluid inclusion assemblage. 
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representing fluid inclusion types A2 and A3 could not be determined. FIAs representing 
all the other fluid inclusion types were cutting each other. B2 cutting B1 and A2 and A3 
cutting A1 were the most often observed cross cutting fluid inclusion assemblages. 
 
 
5.3. Microthermometric results 
 
5.3.1. Aqueous fluid inclusion types A1, A2 and A3 
 
From pure aqueous inclusions, the final ice melting temperatures were readily observed. 
Aqueous fluid inclusions have distinctly lower final ice melting temperatures than 
aqueous–carbonic fluid inclusions. Total homogenization temperatures of aqueous fluid 
inclusions were difficult to observe. Upon heating, the internal pressure of the fluid 
inclusion increases which may lead to decrepitation of the inclusion. Even though the 
heating was done slowly, some fluid inclusions decrepitated. Therefore it was not possible 
to determine homogenization temperatures.  
 
5.3.2. Fluid inclusion type A1 
 
The ice melting temperatures of fluid inclusions representing fluid inclusion type A1 are 
variable, ranging from -6°C to 1.5°C, but most of the temperatures range between -2°C 
and -0.5°C (Fig. 28). The Thtot was low, ranging from 40°C to 248°C (Fig. 32), and the 
average being 156°C.  
 
5.3.3. Fluid inclusion type A2 
 
FIAs representing fluid inclusion type A2 have generally low ice melting temperatures, 
ranging from -15°C to -1°C (Fig. 28). Total homogenization of H2O is not observed, 
because only the liquid phase is present after the ice melting. Some of the pure aqueous 
fluid inclusions decrepitate at 200–300°C. Decrepitation is mostly related to nearby 
cracks in the quartz that grow larger as the temperature rises.  
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5.3.4. Fluid inclusion type A3 
 
The ice melting temperatures of fluid inclusions representing fluid inclusion type A3 are 
somewhat higher than the ice melting temperature of A2 inclusions, ranging from -15°C 
to -1°C (Fig. 28). Total homogenization of H2O is not observed. 
 
5.3.5. Aqueous–carbonic fluid inclusion types B1, B2 and B3 
 
Melting temperatures of solid CO2 in aqueous–carbonic inclusions range from -59.15°C 
to -56.73°C. The overall distribution of melting temperatures in all the measured fluid 
inclusions shows that the average value is -57.5°C, with a narrow standard deviation (Fig. 
29). In all of the inclusions the melting temperatures are lower than -56.6°C, which 
indicates the presence of other gas(es). In aqueous–carbonic fluid inclusions the ice 
melting was not easy to observe, especially when the CO2 bubble was large, ranging up 
to 90 vol%. Aqueous–carbonic fluid inclusions have high final ice melting temperatures 
(Fig. 30). Total homogenization temperatures of aqueous–carbonic fluid inclusions vary 
from 132°C to 397°C (Fig. 32).  
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Figure 28. Final ice melting temperatures of aqueous fluid inclusion assemblages. 
58 
 
5.3.6. Fluid inclusion type B1 
 
The ice melting temperatures representing fluid inclusion type B1 are low, indicating high 
salinities than in other aqueous–carbonic fluid inclusion types (Fig. 30). The Thtot ranged 
from 199°C to 370°C, average being 271°C.  
 
5.3.7. Fluid inclusion type B2 
 
Total homogenization temperatures are high, mostly above 380°C. During heating the 
dark bubble gets smaller and starts to move rapidly and finally it disappears and the 
homogenized fluid inclusion is bright. Partial homogenization temperatures of CO2 have 
a large variation from -18.57°C to 20.65°C (Fig. 31). CO2 always homogenizes to the 
liquid phase. The ice melting temperatures of B2 fluid inclusions are close to zero which 
indicates low salinity. Thtot varies from 132°C to 397°C, the average being 310°C (Fig. 
32). Some fluid inclusions decrepitate at temperatures above 320°C. 
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Figure 29. Distribution of CO2 
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Figure 30. Final ice melting temperatures of 
aqueous–carbonic fluid inclusion assemblages. 
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5.3.8. Fluid inclusion type B3 
 
Fluid inclusions belonging to FIAs representing fluid inclusion type B3 have somewhat 
higher CO2 melting temperatures than FIAs representing fluid inclusion type B2. This 
may be due to higher amount of additional gas species (CH4, N2, even H2S) but could not 
be confirmed as there is no Raman data of FIAs representing B2. Another possible 
explanation is CO2 partitioning into the clathrate. This is, however, unlikely because 
clathrate formation was hardly observed.  
 
Partial homogenization of CO2 is observed in three-phase fluid inclusions. The inner, 
gaseous CO2, bubble disappears by homogenizing into the liquid. Partial homogenization 
temperatures of CO2 range from 10.06°C to 29.72°C, being mostly in a narrow range of 
15–30°C (Fig.31). B3 inclusions have generally higher ThCO2 than B2 inclusions.  
 
Clathrate dissociation was difficult to observe, because the inclusions are small and 
inclusion shapes are not always optimal. Clathrate melting temperatures were measured 
from two fluid inclusion assemblages representing B3. Clathrate melting temperatures 
varied remarkably being 19.9°C and 7.8°C. Clathrate melting temperatures could not be 
trusted and they were not used for any compositional calculations. 
 
The ice melting temperatures of B3 fluid inclusions are close to zero (Fig. 30). Thtot varies 
from 221°C to 380°C, average being 324°C (Fig. 32).  
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Figure 31. Distribution of CO2 partial homogenization temperatures. 
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 Figure 32. Total homogenization temperatures of fluid inclusion types A1, B1, B2 and B4. 
 
 
5.4. Titanium in quartz geothermometry 
 
5.4.1. Rutile needles 
 
Rutile is abundant in all samples. As many small needle-shaped crystals demonstrate, the 
mineralized quartz vein systems in both Arpola and Kujankallio sample sites are rutile 
buffered. Therefore the calculation of Ti in quartz thermometry can be performed 
assuming aTiO2=1.  
 
Rutile needles occur as clusters of needles and as individual needles. The typical size of 
individual needles is about 100 µm in length, but the size can range between 15 and 150 
µm (Fig. 33). Thickness of rutile needles varies from 1 to 7 µm. More than 4 µm thick 
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rutile needles are rare and they are often shorter than the most abundant 2–3 µm thick 
rutile needles (Fig. 33).  
 
 
Figure 33. a) Rutile needles are abundant in sample JOK-15.1. b) Thin rutile needles are more abundant 
than thick needles in sample JOK-15.1. c) Thick needles are often shorter than thin needles. d) Rutile 
buffered sample JOK-15.1. 
 
 
5.4.2. Titanium concentrations 
 
Titanium concentrations were calculated based on the average Ti concentrations in each 
sample. Internal variation inside each sample is mostly small but in some samples (e.g. 
JOK-15.2) internal variation is large. Titanium concentrations are 4–19 ppm in all 
samples. Samples can be divided to three groups based on their average titanium 
concentration; high Ti (15–19 ppm Ti), intermediate Ti (10–15 ppm Ti) and low Ti (4–
10 ppm Ti). Error margin caused by the measurements is approximately ±2 ppm. Samples 
JOK-4.1 and JOK-4.2 have high Ti concentrations, JOK-9.1, JOK-10, JOK-11.1, JOK-
11.2 and JOK-15.1 are in the intermediate group and JOK-9.3 and JOK-19.3 have the 
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lowest Ti concentrations (Table 7). JOK-15.2 has remarkable internal variation so it 
cannot be classified to any of the groups (Table 8).  
 
Table 7. Number of ablations, average Ti concentration, minimum and maximum values and standard 
deviation for each titanium in quartz measurement. Note that for some samples the internal variation is 
stronger than between samples. 
 
sample n 
47Ti average 
(ppm) 
47Ti min 
(ppm) 
47Ti max 
(ppm) σ 47Ti 
JOK-4.1b 5 17.9 16.3 19.3 1.2 
JOK-4.2a 4 16.9 16.1 18.3 0.8 
JOK-4.2b 3 16.9 16.4 17.4 0.4 
JOK-9.1b 3 13.0 12.3 13.6 0.6 
JOK-9.1d 3 10.5 10.1 11.1 0.5 
JOK-9.3a 3 7.7 7.7 7.8 0.0 
JOK-9.3c 3 10.4 9.8 10.8 0.4 
JOK-9.3e 5 7.2 6.8 7.5 0.3 
JOK-9.3g 2 8.6 7.9 9.3 0.7 
JOK-10a 12 12.6 7.3 15.9 2.9 
JOK-10b 5 14.5 13.6 16.0 0.8 
JOK-11.1b 2 12.4 11.1 13.8 1.3 
JOK-11.1e 5 13.8 10.8 15.9 1.8 
JOK-11.1f 2 12.3 11.5 13.1 0.8 
JOK-11.2b 9 12.9 10.4 15.3 1.4 
JOK-11.2c 3 13.0 11.7 14.3 1.1 
JOK-11.2d 4 10.5 9.5 11.3 0.8 
JOK-11.2e 2 9.7 9.2 10.3 0.6 
JOK-15.1a 5 9.4 8.4 10.1 0.7 
JOK-15.1b 4 11.7 10.9 12.7 0.7 
JOK-15.1c 4 12.3 10.3 13.8 1.3 
JOK-15.2a 4 10.2 9.5 11.0 0.6 
JOK-15.2c 6 15.8 11.3 17.6 2.1 
JOK-15.2d 3 8.9 7.8 10.0 0.9 
JOK-15.2e 2 12.4 12.3 12.6 0.2 
JOK-15.2f 2 15.0 14.4 15.5 0.5 
JOK-19.3a 1 10.5 10.5 10.5 0.0 
JOK-19.3c 2 8.4 8.2 8.7 0.3 
JOK-19.3d 5 6.9 4.1 10.1 2.1 
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Table 8. Average Ti concentration, minimum and maximum values, standard deviation and temperatures for 
certain pressures for each sample. There are remarkable variations in samples JOK-15.2 and JOK-10. 
 
sample 
47Ti 
average 
(ppm) 
47Ti min 
(ppm) 
47Ti max 
(ppm) σ 47Ti 
T(°C) at 
100 MPa 
T(°C) at 
300 MPa 
T(°C) at 
500 MPa 
JOK-4.1 17.9 16.3 19.3 1.2 420 458 496 
JOK-4.2 16.9 16.1 18.3 0.7 416 454 493 
JOK-9.1 11.7 10.1 13.6 1.4 394 431 468 
JOK-9.3 8.5 6.8 10.8 1.3 375 411 447 
JOK-10 13.6 7.3 16.0 2.6 402 440 477 
JOK-11.1 12.8 10.8 15.9 1.7 399 436 474 
JOK-11.2 11.5 9.2 15.3 1.7 393 430 467 
JOK-15.1 11.1 8.4 13.8 1.5 390 427 464 
JOK-15.2 12.5 7.8 17.6 3.2 397 434 472 
JOK-19.3 8.6 4.1 10.1 2.1 376 412 448 
 
 
Titanium in quartz geothermometer calculations were done using the average Ti 
concentrations for each sample. Geothermometer results, their standard deviation, and 
temperatures calculated from minimum and maximum Ti concentrations are listed in 
Appendix C. JOK-9.3 and JOK-19.3 have lower Ti concentrations than other samples and 
therefore they yield lower temperatures than other samples. JOK-4.1 and JOK-4.2 have 
only little variation between the samples and their Ti concentrations are higher than the 
average concentration in other samples. Quartz close to the host rock diorite (sample 
JOK-4.1) has 1 ppm higher Ti concentration than the diorite side of the contact (sample 
JOK-4.2).  
 
5.5. Raman spectroscopy 
 
Raman spectra of aqueous inclusions showed only the large water peak. Aqueous–
carbonic two phase fluid inclusions contained H2O, CO2, CH4, N2 and even H2S in some 
cases. Some Raman spectra have an elevated background caused by fluorescence. 
 
The Raman bands of water consist of two main O–H stretching modes at 3567 and 3756 
cm-1 and the Raman spectrum of liquid H2O consist of several overlapping bands in the 
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OH stretching region that ranges from 2750  to 3900 cm-1 (Frezzotti et al. 2011). A weak 
bending mode causes a peak at around 1630 cm-1 (Walrafen 1967). Spectral complexity 
of water results from the strong intermolecular O–H–O bridging networks of single H2O 
molecules with the neighboring molecules (Sun 2009 in Frezzotti 2011). The width of the 
H2O Raman band varies with the salinity of the fluid inclusion. The more saline the 
inclusion, the narrower the base of the band is. In Jokisivu, all Raman water peaks were 
rather wide.  
 
Based on the Raman measurements, the gas phase proportions vary between different 
fluid inclusion assemblages (Table 9). The broader context of FIAs in Table 9 are listed 
in Table 3. 
 
 
Table 9. Gas phase proportions calculated from the Raman spectra peak areas. 
 
FIA FI type CO2  N2  CH4 nmeasurements 
93_11 A1 0.97 0.02 0.01 2 
111_11 B1 0.88 0.09 0.03 8 
93_01 B3 0.89 0.09 0.02 1 
93_05 B3 0.83 0.13 0.04 6 
111_07 B3 0.96 0.03 0.01 11 
111_08 B3 0.94 0.04 0.02 1 
111_12 B3 0.97 0.02 0.01 3 
 
 
H2S was detected in only one sufficiently large fluid inclusion in fluid inclusion 
assemblage 111_11. The inclusion was 20 μm in diameter and the vapor bubble was large, 
making up 70% of the inclusion. The vapor bubble was stable during measurement. H2S 
could not be detected in the other, smaller, fluid inclusions in the same assemblage but it 
is probably present in all the inclusions of this FIA. The molar ratios of fluid inclusion 
components are listed in Tables 9 and 10. H2S was ignored in the density calculations as 
it has no practical effect on the results but it makes the calculations unnecessarily 
complex. 
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Table 10. Molar ratios of the H2S bearing gas bubble in 111_11v01 measurement. 
 
  CO2 N2 CH4 H2S 
111_11v01 0.9355 0.0290 0.0302 0.0053 
 
 
 
5.6. Combining microthermometry and Raman data 
 
There were computational problems calculating both composition and density in the 
H2O–NaCl–CO2–CH4–N2 system. The liquid-vapor phase equilibrium calculation 
algorithms in the BULK program did not converge. Therefore most of the data handling 
was done in a more simple way and the system was defined to be H2O–CO2–NaCl system. 
The only data handling made with all the gaseous components (CO2, CH4, N2) was done 
for sample JOK-9.3 for a fluid inclusion assemblage representing fluid type B1 (93_11). 
The results are listed in Table 11. Gaseous phase contains more CH4 and N2 than the 
liquid phase.  
 
 
Table 11. Compositions, molar volumes and densities of aqueous phase and carbonic phase in fluid 
inclusion assemblage 93_11 representing B1 in sample JOK-9.3. Bulk composition is depicted, too.   
 
  H2O CO2 CH4 N2 Na+ Cl- 
    Vm 
(cm mol-1) ρ (g cm-3) 
aqueous  0.967908 0.025215 0.000093 0.000244 0.003270 0.003270 18.3 1.0 
gas   0.880000 0.030000 0.090000   60.7 0.7 
bulk 0.599981 0.350141 0.011461 0.034363 0.002027 0.002027 34.4 0.8 
 
 
The bulk fluid inclusion composition does not vary much between the fluid inclusions 
measured (Table 12). FIA 93_05 has a higher amount of CO2 than other samples. This 
was expected, because the proportion of the aqueous phase is smaller than in any other 
fluid inclusion assemblage measured. Otherwise, the phase proportions are pretty similar.  
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Table 12. Fluid bulk compositions of aqueous–carbonic FIA calculated with the BULK program.  
 
  FI type H2O CO2 Na+ Cl- 
salinity 
(mass%) 
111_07 B3 0.6015 0.3951 0.0017 0.0017 0.91 
111_08 B3 0.6061 0.3880 0.0030 0.0030 1.56 
111_11 B1 0.5773 0.4188 0.0020 0.0020 0.76 
111_12 B3 0.5925 0.4047 0.0014 0.0014 0.76 
93_05 B3 0.4924 0.5051 0.0012 0.0012 0.81 
93_01 B3 0.6240 0.3736 0.0012 0.0012 0.62 
 
 
Calculations with the BULK program were performed using the average temperature 
values for partial homogenization of CO2 and for ice melting. Because not all the data 
required for calculations was available to each fluid inclusion assemblage, averages were 
used for the calculations. For FIA 93_01, the final ice melting temperature was not 
observed but the value used is the average of the ice melting temperatures of other fluid 
inclusion assemblages of the same fluid inclusion type, B3. Average values of final ice 
melting were also used for calculations of FIA 111_07. The effect of final ice melting 
temperature was tested by comparing the isochores calculated for the average TmH2O of 
the closest similar fluid inclusion trail (TmH2O = -0.88°C) and with the average TmH2O of 
the all the fluid inclusions of type B3 (TmH2O = -0.50°C). The TmH2O has no effect on the 
slope of the isochore, at 600 MPa the difference is only 1.4°C.  
 
 
6.   DISCUSSION 
 
 
6.1. P–T conditions of mineralization 
 
The P–T conditions of the rocks during quartz vein formation are shown in Fig. 34. P–T 
slopes based on TitaniQ geothermometer are steeper than the isochores calculated from 
microthermometric measurements. TitaniQ isochores mostly determine the temperature 
range and isochores derived from fluid inclusion densities determine the pressure range. 
Temperature range is 390–470°C and pressure range is 170–350 MPa. The error margins 
for P–T slopes of samples JOK-9.3 and JOK-11.1 are shown in Figures 35 and 36. 
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The estimation of the aqueous phase proportion in the fluid inclusion was important and 
it has considerably affected the final result of molar volume and density. The proportion 
of aqueous phase was visually estimated to the nearest ten percent. This partly explains 
the differences of the slopes of fluid inclusion assemblages 111_07 and 111_08 measured 
in the same sample chip 111E (Fig. 33). 
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Figure 34. P-T conditions of fluid inclusion formation. The P–T slopes for each sample (JOK-4.1–JOK-19.3) are 
calculated from the average titanium concentrations using TitaniQ geothermometer. Solid lines highlight P–T 
slopes of samples JOK-9.3 and JOK-11-1. The cross cutting isochores (dashed lines) are calculated from the 
microthermometric results.  
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Figure 35. JOK-9.3 with the standard deviation and isochores for FIAs. 
 
 
 
 
Figure 36. JOK-11.1 with the standard deviation and isochores for FIAs. 
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6.2. Fluid evolution 
 
The P–T estimates for all the FIAs are shown in Figure 37. The fact that no Raman 
spectroscopy data was acquired from pure aqueous fluid inclusion assemblages makes it 
difficult to determine the fluid evolution. Based on the relative chronology of FIAs, it is 
known that the aqueous fluids came in first and the aqueous–carbonic fluids followed 
them.  
 
 
Figure 37. P–T estimates of the fluid inclusion assemblages. Dots show the cross cutting points of FIA 
isochores and their corresponding P–T slopes. 
 
 
6.3. Fluid inclusion assemblages 
 
Based on the definition of FIA, there should be no internal chemical variation within a 
fluid inclusion assemblage. This provides a way for critical evaluation of analytical data 
obtained from microthermometry, Raman spectroscopy and LA-ICP-MS. Large 
variations between individual fluid inclusions of one FIA indicates measurement errors. 
Special trapping conditions, however, such as phase separation and necking down, 
provide exceptions to the general rule. 
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In nature, heterogenic trapping of fluid inclusions is common because for 
multicomponent fluids, that most of the natural fluids are, the vapor–liquid curve is not a 
line as for pure H2O, but a two-phase region. If the phase proportions vary significantly 
inside a fluid inclusion assemblage, trapping has been heterogeneous. The large variation 
of homogenization temperatures of fluid inclusions inside the same FIA may indicate 
heterogeneous trapping of fluid inclusion assemblages. The fluid inclusion assemblages 
representing fluid inclusion types A1, B1, B2 and B3 have consistent Thtot. There are 
some larger variations inside a few FIAs representing fluid types A1 and B1, but the 
variation is more likely related to necking down process than heterogenic trapping 
conditions. 
 
The fluid inclusion types found in Jokisivu samples are typical for orogenic gold deposits 
worldwide. According to Ridley and Diamond (2000), the fluid inclusion types are 1) 
low-salinity aqueous–carbonic fluid inclusion with rather low CO2 content, 2) carbonic 
fluid inclusion containing minor amount of H2O, and 3) low- to moderate-salinity pure 
aqueous fluid. In many deposits, the low-salinity aqueous–carbonic fluid is interpreted to 
be the gold-bearing fluid by the petrographic relationship between FIAs and gold (Ridley 
and Diamond 2000).  
 
Aqueous fluid inclusion types A1, A2 and A3 are latest which means that the pure 
aqueous fluid migration was the latest fluid event of the mineralization. In Björkdal, 
Sweden, similar age relationships have been observed and the aqueous fluids have been 
suggested to be related to the precipitation of gold (Weihend et al. 2003). However, it is 
also possible, that the aqueous fluids are unrelated to the mineralization. Unrelated fluids 
can be derived, for example, from the nearby host rock and they can be present in the 
hydrothermal system at the time of mineralization (Ridley and Diamond 2000).   
 
 
6.4. Sample representativeness 
 
The sample representativeness diminished as the areal distribution of samples narrowed 
when only quartz samples could be used for fluid inclusion studies. However, based on 
the fluid inclusion petrographic studies and microthermometric measurements, it was 
clear that all samples had similar fluid inclusion assemblages, regardless of the location 
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of the samples in the deposit. Samples selected for Raman analyses, JOK-9.3 and JOK-
11.1, were both from Arpola L200 sampling site. 
 
 
6.5. TitaniQ geothermometer 
 
Titanium in quartz thermometer suits well for Jokisivu samples. Rutile is abundant 
everywhere in quartz so the activity of titanium is well estimated to be 1. Rutile buffered 
system and careful LA-ICP-MS measurements of pure quartz provide very well 
constrained preconditions for reliable thermometry results. The titanium concentrations 
are quite consistent in each sample. Titanium in quartz concentrations vary more inside 
the samples than between the samples. Internal variation of titanium concentration is 
somewhat high in sample JOK-15.2. The isochore is, however, calculated with the 
average titanium concentration. The average titanium concentrations of all other samples 
have smaller standard deviations and are, therefore, more suitable for isochore 
calculations. 
 
The titanium in quartz geothermometer is based on an assumption that when rutile is 
present, the aTiO2=1 (Wark and Watson 2006). In the case of Jokisivu, both quartz and 
rutile have most likely precipitated from a hydrothermal fluid. In such environment, 
quartz-rutile equilibrium for Ti is a reasonable assumption. The precision of TitaniQ 
temperatures is on the order of a few degrees but it must be taken into account that the 
sample spot selection may have a visible effect on the result. Therefore, average titanium 
concentrations were used in this study to minimize the effect of uneven distribution of 
titanium concentration in the samples.  
 
Huang and Audétat (2011) claim that TitaniQ geothermometer cannot be applied to 
hydrothermal veins because in hydrothermal veins growth rate of quartz is extremely 
high. Huang and Audétat present another equation suitable for hydrothermal veins.  
  
Log (XTi
qtz) = -0.27943 ∙ 104/T – 660.53 ∙ (P0.35/T) + 5.6459. [6] 
 
Huang and Audétat equation [6] gives significantly lower temperature estimates than 
TitaniQ thermometer. Thomas et al. (2015) suggest that this is due to disequilibrium 
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conditions during the quartz growth in the experiment. According to Thomas et al. (2015) 
the TitaniQ calculation sheet used in this thesis gives good temperature estimates at the 
Jokisivu pressure conditions.   
 
 
6.6. Combining microthermometry and Raman spectroscopy 
 
All the aqueous–carbonic fluid inclusions contained quite consistent amounts of CO2, 
CH4 and N2. One inclusion also contained H2S.  
 
The salinities calculated with the BULK program are similar in all the fluid inclusion 
assemblages. Based on BULK program density calculations, FIA 111_08 has about two 
times higher salinity than all the other FIAs. The salinities were low as was expected 
based on the final ice melting temperatures. According to Phillips and Powell (1993) most 
primary gold deposits are related to low-salinity fluids unlike many other metal deposits 
that are dominated by saline fluids. Low-salinity fluids (<10 wt%) transport gold as a 
reduced sulfur complex (Phillips and Powell 1993). 
 
Because for some of the FIAs averages of a larger amount of microthermometry 
measurements had to be used, the accuracy of the results is not perfect. However, the 
isochores calculated from the average values give a good overall approximation of the 
formation conditions of the quartz veins.    
 
Bulk fluid inclusion composition results of fluid inclusion assemblages representing fluid 
inclusion type B3 are coherent and can be generalized to apply to the whole fluid inclusion 
type B3. Unfortunately there is no Raman data from type B2 inclusions to be compared 
with the type B3 data. 
 
FIAs representing fluid inclusion type B3 are not the youngest fluid inclusion assemblage 
to form, nor are they the oldest. Type B3 inclusions are dominant in many samples. This 
suggests that fluid type B3 represent the most dominant fluid type during the entrapment. 
Whether the formation of inclusions representing fluid type B3 is related to gold bearing 
fluid migration, is yet to be studied. Fluid inclusions of Jokisivu are all secondary 
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inclusions and their relation to the gold precipitation needs further investigation. Fluid 
type B3 is, however, a good candidate for the gold-transporting aqueous–carbonic fluid.  
 
 
6.7. Reliability of the P–T conditions 
 
Titanium in quartz geothermometer gives consistent temperatures of quartz 
crystallization. When TitaniQ results are used to determine the trapping conditions 
window of fluid inclusions it must be taken into account that the trapping of fluid 
inclusions did not necessarily occur simultaneously with the quartz crystallization. It is 
likely that the trapping of the studied secondary fluid inclusions is related to a later fluid 
event which is most likely related to the precipitation of gold. According to Ridley and 
Diamond (2000), the secondary fluid inclusions probably represent the fluids from which 
the quartz precipitated and can, therefore, be treated with the same significance as primary 
fluid inclusions. The robust P–T conditions estimate is convincing as it is in accordance 
with the P–T conditions of other orogenic gold deposits in Fennoscandia (e.g. Luukkonen 
1994, Poutiainen and Grönholm 1996, Weihend 2003). 
 
 
6.8. Trigger for gold precipitation in Jokisivu 
 
Because Jokisivu deposit is hosted in a brittle–ductile transition zone, the role of fluid - 
wall rock interaction is important even though the host rock is not of highly reactive type. 
The sulfidation seen at the contacts of the quartz veins and the host rock and the absence 
of pyrite indicate rather significant fluid-wall rock interaction. Strong sulfidation of host 
rock reduced the sulfur fugacity and enabled gold precipitation. 
 
Based on the textural coexistence of arsenopyrite and löllingite, a Fe-As-S phase diagram 
(Kretschmann and Scott 1976) was used to determine sulfur fugacity. In the temperature 
range of Jokisivu fluid entrapment, the log f(S2) ranges from -8 to -11 (calculation based 
on Kretschmann and Scott 1976). The sulfur fugacity values based on the fluid 
entrapment temperatures are somewhat higher than the sulfur fugacity range of log f(S2) 
-8.5 to -9 suggested by Luukkonen (1994).  
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Boiling which leads to phase separation is often considered as the main trigger for gold 
deposition (Luukkonen 1994). The escaping of gases could have been the trigger for gold 
precipitation. The properties of different fluid types are quite consistent so there is no 
reason to assume that mixing with meteoric water would have accounted for the 
precipitation of gold. Fluid unmixing is probably not significant factor in the gold 
precipitation in Jokisivu, because the amount of CH4 (3 mol%) is minor. 
 
 
6.9. Comparison to other orogenic gold deposits of Fennoscandia 
 
Pressure and temperature of orogenic gold mineralizations worldwide range from 100 
MPa at 250°C to 600 MPa at 700°C (Ridley and Diamond 2000). However, the most 
commonly described mineralization conditions are 300–350°C and 100–250 MPa (Ridley 
and Diamond 2000). The properties of other Svecofennian orogenic gold deposits are 
listed in Table 13. 
 
 
Table 13. Temperatures (°C) and pressures (MPa) of some Svecofennian orogenic gold deposits.  
 
deposit location 
Tquartz vein 
formation  
Pquartz vein 
formation  
Talteration of 
host rock  
Tgold 
deposition  
Pgold 
deposition  reference 
Björkdal N Sweden 375 180 
 
220 50 Weihend et al. 
2003 
Tammijärvi S Finland 
   
<270 
 
Luukkonen 
1994 
Kutemajärvi SW Finland 
  
450-500 320-380 200-280 Poutiainen and 
Grönholm 1996 
Järvenpää S Finland 
   
<280 <290 Luukkonen 
1994 
Enåsen central 
Sweden 
   
385-435 
 
Nysten and 
Annersten 1985 
 
 
Björkdal orogenic gold deposit in Skellefte area, northern Sweden, consists of auriferous 
veins in granodiorite host rock (Weihend et al. 2003). The fluid types of Björkdal are 
somewhat similar to the fluid types of Jokisivu, but the fluid evolution is different. In 
Björkdal, the first fluid, CO2 rich fluid containing some CH4, is considered to have been 
trapped during the quartz vein formation at about 375°C and 180 MPa (Weihend et al. 
2003). The second fluid type, which is interpreted to have precipitated the gold in 
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Björkdal, is low-salinity aqueous–carbonic fluid with CO2 and CH4 and nahcolite crystals 
(Weihend et al. 2003). The P–T conditions suggested for gold precipitation in Björkdal 
are ca. 220°C and 50 MPa (Broman et al. 1994). The latest fluid was aqueous, rather high-
salinity fluid, that was possibly associated with a second stage of gold enrichment 
(Weihend et al. 2003). It has been proposed that the fluids responsible for Björkdal 
deposit were magma derived and, simultaneously, fluids derived from sea water were 
introduced (Weihend et al. 2003). 
 
 
6.10. Comparison to previous studies in Jokisivu 
 
Eilu and Pankka (2010) has created a genetic model of the mineralization stages in 
Jokisivu. He presents the sequence of mineralization to be: 1) magnetite–ilmenite–
scheelite mineralization; the intense fracturing accompanied with skarn reactions and 
oxidic stage of mineralization, 2) arsenopyrite–löllingite–pyrrhotite–arsenopyrite 
mineralization; the initial sulfide mineralization stage, 3) pyrrhotite–chalcopyrite–
sphalerite–arsenopyrite–pyrite–gold mineralization; the main sulfide mineralization 
stage, and 4) gold–aurostibite–ullmannite–costibite–galena–maldonite–arsenopyrite–
joseite–B-hedleyite–native bismuth–pilsenite–tsumoite–altaite mineralization; the 
precious metal mineralization stage. According to the internal relationships between ore 
minerals, sulfide mineralization probably took place at 300–400°C (Eilu and Pankka 
2010), and the final stage of precious metal mineralization took place at or below 266°C 
(Luukkonen 1994). Luukkonen (1994) and Saalmann et al. (2010) suggest that the 
precious metal mineralization occurred at 200–300°C. 
 
The fact that garnet is stable in the host rock very close to the mineralized zone suggests 
that the temperature estimate of 266°C by Eilu and Pankka (2010) is too low. Titanium 
in quartz geothermometer and microthermometry results combined give a higher 
temperature estimate, 390°C–470°C. These temperatures seem reasonable considering 
the garnet stability field. The formation P–T conditions of the host rocks in Jokisivu have 
not been studied. It is possible that the temperature estimate is too high. The previous 
studies of the deformation of Jokisivu gold deposit underline that the gold mineralization 
event is younger than the vein formation and the brittle-ductile main deformation. The 
latest deformation event D6 was responsible for gold precipitation. Therefore the TitaniQ 
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isochores that were used to determine the fluid entrapment temperature may suggest too 
high fluid entrapment temperatures because the precipitation temperatures of quartz 
during vein formation were higher than the temperatures of fluid inclusion entrapment.  
 
 
7.  CONCLUSIONS 
 
Two different fluids, aqueous and aqueous–carbonic fluids have migrated through the 
Jokisivu mineralization. Three different fluid inclusion types (A1, A2, A3) representing 
the aqueous fluid and three different fluid inclusion types (B1, B2, B3) representing the 
aqueous–carbonic fluid were observed. The entrapment of aqueous fluid inclusions was 
the first event and the entrapment of aqueous–carbonic fluid inclusions followed. The 
fluid types present in Jokisivu vein quartz are similar to the fluid types in the other 
Svecofennian orogenic gold deposits but the fluid evolution is different.  
 
LA-ICP-MS measurements of the vein quartz revealed that the titanium-in-quartz 
concentrations were consistent and the abundance of rutile in quartz enabled TitaniQ 
geothermometer calculations. Carefully conducted microthermometry enabled isochore 
calculations for different fluid inclusion assemblages. TmCO2 were consistently lower 
than the triple point of pure CO2, ranging from -56.7°C to -59.2°C, and indicating the 
presence of CH4, N2 and even H2S, that were confirmed by qualitative Raman 
spectrometry. Ice melting temperatures varied between different fluid inclusion 
assemblages. Aqueous fluid inclusions representing fluid inclusion types A2 and A3 had 
low final ice melting temperatures. The final ice melting temperatures of type A1 fluid 
inclusions were similar to the melting temperatures of aqueous–carbonic fluid inclusion 
assemblages. Both aqueous and aqueous–carbonic fluids were low-salinity fluids. The 
Thtot of aqueous inclusions ranged from 40°C to 248°C and the Thtot of aqueous–carbonic 
inclusions ranged from 132°C to 397°C.   
 
In B3 aqueous–carbonic fluid inclusions CO2 is the dominant gas species. Other minor 
gases in the gas bubble are CH4 (3 mol%) and N2 (9 mol%). 
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Combining TitaniQ isochores and microthermometry based isochores, a P–T range of 
390–470°C and 170–345 MPa was constrained. Temperature estimate constrained in this 
study is somewhat higher than suggested in the previous studies of Jokisivu but fits in the 
broader range of P–T conditions typical for other Svecofennian orogenic gold deposits.  
 
The mineralogy of Jokisivu quartz veins and host rock suggests that the main trigger for 
gold precipitation has been fluid-wall rock reactions and the sulfidation of the wall rock.  
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APPENDIX A 
 
Results of Audétat natural quartz sample compared to the values for Audétat natural quartz LA-ICP-MS 
results (in Audétat et al. 2014). 
 
  
Audétat LA-ICP-MS 
n=59 
Audétat measurements 
n=5 
  Average Ua Average Ub 
7Li 31.0 3.0 27.6 0.6 
9Be 0.29 0.09 0.36 0.05 
11B 0.3 0.14 0.4 0.10 
23Na 0.09 0.03 3.79 1.09 
25Mg   15.8 3.40 
27Al 159 9 146 4 
29Si   467465 9839 
31P   4.24 0.95 
39K <1.4  1.28 0.40 
42Ca <38  14 5 
45Sc   0.75 0.02 
47Ti 58 3 52 1 
49Ti 58 3 52 1 
55Mn 0.4 0.05 0.38 0.06 
57Fe 2.3 0.4 1.6 0.5 
66Zn   0.12 0.04 
71Ga 0.02 0.003 0.024 0.005 
72Ge 1.8 0.4 1.57 0.11 
85Rb   bdl bdl 
88Sr <0.006  0.0066 0.0026 
90Zr 0.004 0.002 0.005 0.0015 
118Sn 0.27 0.11 0.029 0.011 
133Cs   bdl bdl 
137Ba   bdl bdl 
197Au   bdl bdl 
208Pb   0.024 0.0063 
238U     bdl bdl 
Ua = combined uncertainty based on the sum of the 
standard deviation of the individual measurements plus the 
uncertainty quoted for the reference value of the reference 
material. Ub = 1 sigma standard deviation. 
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APPENDIX B 
Microthermometric properties of FIAs measured. The volume proportion of aqueous phase was observed at 20°C. 
FI type FIA 
TmH2O 
average TmH2O range TmCO2 TmCO2 range ThpCO2 ThpCO2 range Thtot Thtot range aq (vol%)  
A1 91A_FIA3 -3.7 -4.3 — -4.9           167 159 — 184 90 
  10B_FIA2 -4.7 -4.0 — -5.9           144 80 — 185 90 
  91_FIA1 -1.9 -1.6 — -2.2                80-90 
  93A_FIA2 1.4 1.4 — 1.5           106 90 — 115 90 
  93A_FIA11 -0.8 -0.5 — -1.4           155 132 — 181 90 
  93C_FIA6 -2.7 -1.9 — -3.8           111 41 — 160 90 
  93D_FIA7 -1.2 -1.0 — -1.4           126 114 — 139 80-90 
  111F_FIA10 -0.9 -0.1 — -2.3           128 115 — 154 90 
  112D_FIA7 -1.4 -0.4 — -2.4           148 127 — 158 90 
  111E_FIA9 0.2 -1.0 — 2.7           210 170 — 248 90 
  93B_FIA3 -2.0 -0.8 — -5.1           187 143 — 230 90 
  111C_FIA2 -0.9 -0.3 — -1.7           200 115 — 248 80-90 
  112C_FIA3 -1.4 -1.2 — -1.6           168 133 — 220 80-90 
  112D_FIA9 -0.8 0.4 — -1.8           154 143 — 178 80-90 
  93C_FIA4 -2.1 -1.0 — -3.8           132 86 — 166 80-90 
  42A_FIA1 1.8 0.8 — 3.8           147 130 — 170 90 
  42_FIA2 0.4 0.4 — 0.4                70-80 
  42B_FIA8 -0.6 -0.5 — -0.8                80-90 
  112D_FIA9 -0.8 -1.8 — 0.4           154 143 — 178 80-90 
  91C_FIA7 -1.6 -0.6 — -2.8                         90 
A2 91B_FIA4 -1.9 -1.0 — -3.8                  
  42A_FIA5                      
  93F_FIA10 -8.2 -2.9 — -15.5                           
III 
 
A3 91C2_FIA8 -6.1 -3.5 — -10.0                  
  152A_FIA1 -0.6 -0.2 — -1.3                  
  152A_FIA3 -2.4 -3.7 — 0.7                  
  91A_FIA2 -4.5 -2.2 — -6.0                           
B1 10C_FIA3 -4.8 -2.9 — -6.7           287 287 — 287 60 
  91A_FIA6 -2.7 -2.2 — -3.8           256 199 — 370 70-90 
  91C_FIA5 -0.7 -2.1 — 0.8                  
  111F_FIA11 -0.6 -0.1 — -1.0 -57.7 -57.0 — -59.1      292 221 — 355 20-60 
  112E_FIA11                         286 259 — 312 70 
B2 91A_FIA9 -4.6 -4.6 — -4.6 -57.9 -57.3 — -58.3      330 330 — 330 20-50 
  10A_FIA2               342 167 — 397 70-90 
  93G_FIA9 -0.3 -0.0 — -0.9           232 146 — 298 50-90 
  112D_FIA8 -0.5 -0.2 — -0.8           132 132 — 132 60-90 
  152A_FIA2 -0.9 -0.5 — -1.3           380 340 — 394 40-70 
  193A_FIA1 -0.1 -0.0 — -0.1           326 234 — 373 30-80 
  111H_FIA13 0.3 0.3 — 0.3 -57.7 -57.2 — -58.2 1.7 -18.6 — 20.7 323 265 — 380 10-40 
  42A_FIA3               358 358 — 358 20 
  112E_FIA10 -0.2 -0.1 — -0.4                 381 378 — 384 60-80 
B3 111C_FIA4 0.9 0.9 — 0.9 -58.0 -57.8 — -58.3      354 354 — 354 20-40 
  112C_FIA4 -0.4 -0.2 — -0.7           356 345 — 380 10-50 
  93A_FIA1     -58.0 -57.8 — -58.3      300 300 — 300 30-60 
  111G_FIA12     -57.1 -57.0 — -57.1      333 302 — 359 20 
  93C_FIA5 -0.3 -0.3 — -0.3 -58.1 -57.4 — -59.2 17.6 10.1 — 21.7 325 298 — 340 10-40 
  111C_FIA3 -0.5 -0.1 — -0.9 -57.7 -57.4 — -58.0 28.3 25.1 — 29.7      30 
  112E_FIA13     -57.2 -57.0 — -57.5 20.2 16.1 — 25.6      20 
  111E_FIA7     -57.0 -56.8 — -57.3      312 312 — 312 20-30 
  111E_FIA8 -0.9 -0.7 — -1.1 -57.4 -57.1 — -57.8 19.5 2.5 — 24.1         20-50 
  
IV 
 
APPENDIX C 
 
TitaniQ geothermometer results. Temperatures calculated from average Ti concentrations, standard deviation in °C, and temperatures from minimum and maximum Ti 
concentrations. 
 
  
Tav(°C) at 
100 MPa 
Tav (°C) at 
300 MPa 
Tav(°C) at 
500 MPa ±σ T(°C) 
Tmin(°C) at 
100 MPa 
Tmin(°C) at 
300 MPa 
Tmin(°C) at 
500 MPa 
Tmax(°C) at 
100 MPa 
Tmax(°C) at 
300 MPa 
Tmax(°C) at 
500 MPa 
JOK-4.1 420 458 496 4 415 454 492 424 462 501 
JOK-4.2 416 454 493 2 414 452 490 418 457 495 
JOK-9.1 394 431 468 7 386 423 460 400 438 475 
JOK-9.3 375 411 447 8 366 401 437 383 420 456 
JOK-10 402 440 477 11 390 427 464 413 451 489 
JOK-11.1 399 436 474 8 391 427 464 407 444 482 
JOK-11.2 393 430 467 9 383 420 456 401 438 476 
JOK-15.1 390 427 464 8 382 418 455 398 435 473 
JOK-15.2 397 434 472 15 380 416 453 411 449 487 
JOK-19.3 376 412 448 14 361 396 431 389 425 462 
 
  
V 
 
APPENDIX D 
Fluid inclusion types in sample JOK-9.2. B3 inclusions are abundant and they are parallel to the preferred orientation of fractures.   
 
 
 
 
 
 
 
 
 
 
 
